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ABSTRACT 

The continual increasing capacity and performance of power distribution system presents severe 

challenges in modern energy industry. The traditional power distribution contains DC and AC. The 

existing DC power distribution confronts low efficiency and poor transient response, while low 

frequency AC power distribution suffers from lower power density, and slow dynamic 

performance. Hence, the conventional power distribution is far from enough in many power 

applications, such as aerospace, telecommunication, and computer system. High frequency AC 

power distribution system is to deliver the power with multi-kHz to mega-Hz, which has attracted 

the attentions from both industry and academia. This thesis highlights the high frequency power 

distribution from power source perspective. From the distribution architecture viewpoint, the 

power source feeds high frequency voltage and current to the AC transmission track, and load side 

converts the bus voltage to a specific low DC voltage or low frequency operational voltage. 

 

To obtain a power source with high efficiency and large power capacity, numerous works have 

been done in this thesis, which mainly focuses on the circuitry topology, modulation strategy, 

advance control algorithm, and system integration. Although the design of the high frequency 

inverter topology and corresponding control scheme is a challenging task, the achievements of this 

thesis partly solve large power capacity, parallel connection, and better control performance, 

which are significant for high frequency power source. 

 

Firstly, a novel switched-capacitor based cascaded multilevel inverter was presented to provide 

high frequency voltage output with lower output harmonics. Compared with conventional 
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cascaded H-bridge inverter, the proposed inverter can greatly decrease the number of switching 

devices. Secondly, a unified phase-shifted modulation was presented to integrate the regulations of 

magnitude and phase. A controlled phase integrated with magnitude control can cut down the 

circulation current that is inevitable in parallel resonant inverters caused by component tolerance 

and parameter discrepancy. Thirdly, a μ-based controller was presented for single stage LCLC 

resonant inverter. Performance weights, as well as the perturbations from component tolerance and 

load variations are regarded as structure uncertainty. Lastly, a modified input-parallel output-series 

topology was presented to resolve synchronization issue. The transmission loss can be cut down 

via the lower transmission current and the higher transmission voltage. A power sharing controller 

with correlation control compensation was addressed to provide high quality output, flexible 

power capacity, and wide operation range. 

 

In this thesis, both simulation and experimental results are obtained from the prototype circuit to 

evaluate the effectiveness. This thesis contributes to the improvements of high frequency power 

source from different perspective. The aim is to propel high frequency system into the applications 

with high distance distribution and large power capacity, such as EV and Microgrid. 
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CHAPTER 1 

INTRODUCTION OF HIGH FREQUENCY DC TO AC CONVERSION 

 

This chapter aims to give a simple introduction of high frequency AC(HFAC) power distribution 

system(PDS). The corresponding application fields are introduced thereafter. The architecture of 

HFAC PDS is compared with that of DC PDS, the possible circuit topologies of high frequency 

inverter are presented, including resonant inverter and multilevel inverter, as well as the future 

prospects of high frequency power distribution are discussed lastly. 

 

1.1 HFAC introductions 

A PDS refers to a delivery configuration of multiple power sources, power converters, distribution 

line and various loads. An efficient management of power flow is significant for modern energy 

system, and ever increasing requirements of efficient power processing motivates the study and 

development of power distribution system. In particular, there are two kinds of PDS, one is DC 

PDS, and the other one is AC PDS. In DC PDS, a DC power source is generated by frontend 

power converter, and DC voltage is distributed to the load side through power transmission line. In 

AC PDS, the frontend power converter generates AC voltage that is distributed to the entire 

system by AC transmission track. An AC PDS can be further categorized as low frequency 

AC(LFAC) and high frequency AC(HFAC) by the bus frequency. Low frequency distribution 

typically refers to the bus voltage with frequencies of 50Hz or 60Hz that is also the frequency of 

utility system. Frequencies greater than the utility frequency are traditionally referred to as high 

frequency distributions. In conventional aerospace application, the frequency is 400-20kHz that 

aims to reduce the size and weight of power units. 
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In this thesis, HFAC PDS refers to a distribution system to deliver the power using multi-kHz to 

mega-Hz from one point to another. Compared with its DC counterpart, the advantages of this 

kind of HFAC PDS are summarized as below, 

(1) Cost reduction of power circuit: power conversion in HFAC PDS needs fewer power 

conversion stages, so a simpler structure and lower component count cut down the cost of 

power circuit. Entire distribution system becomes low cost and high efficiency in high 

frequency circumstance. 

(2) Loss reduction in power conversion: the power conversion losses in HFAC PDS are much less 

than DC counterpart caused by fewer conversion operations. 

(3) Loss reduction in power delivery: Because the voltage easily steps up and steps down through 

high frequency transformer, the delivery losses can be cut down via a high voltage low current 

distribution. In contrast, the high voltage bus is infeasible in DC distribution, because it is 

complicated to accomplish the voltage conversion from a high bus voltage to a low load 

voltage. 

(4) Ease of galvanic isolation: high frequency transformer not only accomplishes step up and step 

down of output voltage, also provides effective galvanic isolation for the electric system. 

(5) Improved dynamic response: Because of the smaller filter, a better dynamic response is 

achieved by high frequency system. In contrast, DC PDS needs the larger output filter, so 

response time is more sluggish than HFAC counterpart. 

(6) High power density: both mass and size of passive components can be reduced in high 

frequency circumstance. Hence, high power density is obtained by high operating frequency. 
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(7) Improved reliability: the system reliability is improved by high frequency system caused by 

the reduction of component count. Distributed system, effective heat dissipation and high 

redundancy further increase the reliability of HFAC PDS. 

(8) More safety: when the current frequencies greater than 10 kHz is safer for human being than 

DC or LFAC[1]. Moreover, the protection design becomes easier in high frequency system 

caused by the periodic zero crossing in alternative current. 

In despite of outstanding advantages, the disadvantages are also distinct. In particular, (1) Because 

of the output difference in magnitude and phase, it is difficult for high frequency inverter to 

accomplish power expansion through series or parallel connection, (2) On account of skin effect 

and proximity effect, the larger ohmic losses will be inevitable in high frequency transmission line, 

(3) high frequency can magnify the impedance in transmission line, so the higher reactive power 

increases the difficulty of energy delivery, (4) high output Electro-Magnetic Interference(EMI) in 

high frequency transmission limits its application, (5) it is hard to obtain better control 

performance due to high dynamic characteristics. In view of these merits and demerits, some 

specific applications of HFAC PDS are examined afterward. 

 

1.2 HFAC applications 

Since it is proposed by NASA decades ago, HFAC PDS initially has been considered for various 

applications. A simple description of the implementation examples is examined including 

aerospace power distribution, telecommunication power supply, computer power system, 

automotive inner electrical network, lighting network and renewable energy Microgrid system. In 

most cases, the structure of power distribution system is evolved from centralized system to some 
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forms of distributed system[2]. 

 

1.2.1 HFAC in aerospace application 

The initial application proposed by NASA Lewis Research Center is spacecraft power distribution 

in the early 1980s, and the distribution frequency of spacecraft system is over the range from 

400Hz to 20kHz[2-6]. HFAC as an alternative to DC system mainly is used to tackle the issues 

from large power capacity, excessive cable mass, and high power losses in spacecraft. In a 

spacecraft system with numerous loads, it is significant that the distribution system is able to step 

up and step down voltage efficiently. Hence, AC voltage conversion is a preferable solution 

compared to DC conversion. Moreover, a low mass is critical for spacecraft electrical system, so 

higher bus frequency is inevitable to effectively increase the power density caused by the 

reduction of magnetic and filter components. The power system of 20kHz frequency reduces 

components size, because the energy transferred per cycle is cut down by factor of 50 than a 400 

Hz system. A single phase, 20kHz system proposed by Sood and Lipo adopted resonant converter 

as interface converter, and pulse density modulation(PDM) was chosen to manipulate the power in 

spacecraft[7]. NASA Glenn Research Center funded development of a 440 V, 20kHz power 

system that is flexible and versatile to load equipment with high efficiency and low mass[1]. A 

simple introduction of spacecraft application is addressed in this chapter, but description of system 

structure and circuit topology would not be discussed in depth. 

 

Because of the higher EMI and higher crosstalk in high frequency electric cable, a novel power 

cable improvement is required to reduce the severe power losses due to skin and proximity effect. 

The high frequency cable designed and developed by Induction General Inc., is flat solid copper 
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conductors that has a low inductive reactance to minimize voltage drops and radiated magnetic 

fields[2]. HFAC is applicable to spacecraft PDS and extensive research should be conducted to 

overcome the weakness in power conversion, EMI and conductors. 

 

1.2.2 HFAC in telecommunication and computer system 

DC system is the conventional distribution system in telecommunications and computer field. In 

order to satisfy future requirements of ever increasing load levels, higher complexity, higher 

reliability and compactness, HFAC becomes an alternative to meet the future challenges in 

telecommunication and computer system. The conventional DC system contains centralized DC 

and distributed DC. The centralized DC is to use a single DC/DC converter to convert the battery 

voltage into different voltage levels according to the requirement from various load conditions. 

Therefore, long transmission track leads to larger conductors and power losses. The voltage drop 

from long distance transmission needs to be compensated at the point of load(POL), so the system 

complexity and failure risk are increased. In the distributed DC PDS, the distributed DC/DC 

converter performs the power conversion at the POL. It has better voltage regulation ability 

without the voltage losses. The conductor and connectors are smaller size in distributed PDS than 

the case of centralized PDS. However, the higher cost has to be confronted by distributed PDS, 

because a number of DC/DC converters are required for multiple power conversions. Hence, 

HFAC PDS has been proposed for the future commercial electronics system to partly solve the 

abovementioned drawbacks[8-9]. 

 

The first known application of an HFAC PDS in the commercial electronics was HP70000 series 

spectrum analyzers in 1994, which is a modular system formed by a mainframe and a few of 
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measurement cards. The mainframe converts 147V DC rectified input to 27V 40kHz sinusoidal 

voltages for the plug-in cards, while the load converter of the plug-in card is a rectifier with an 

inductor-capacitor(LC) output filter isolated by high frequency transformer[10]. Moreover, when 

the measurement cards are inserted into mainframe with power, the inrush current is confined by 

high frequency resonant source. The additional circuit has no longer needed for inrush current 

limitation, so the power circuit can be further simplified by high frequency distribution. 

 

The further study is to investigate the potential high frequency applications in commercial 

electronics using trapezoidal voltage with 300kHz[11]. Compared with the specifications of 

sinusoidal waveform, the trapezoidal voltage can simplify the converter design without a resonant 

tank. The output harmonics would be worse than the pure sinusoidal waveform, but the harmonic 

distortions can be limited by the design of soft transition times. 

 

1.2.3 HFAC in vehicle 

The early vehicle applications of HFAC PDS is propulsion system of EV[12] and hybrid EV[13]. 

In addition to propulsion system, HFAC can also be adopted in many other auxiliary electrical 

systems[14]. The high frequency transformer simplifies the step up and step down of inverter 

output voltage, so voltage control of induction motor driver could be easier as the driver voltage 

can be regulated by high frequency transformer unit. However, the EMI and distribution loss need 

more considerations for EV application. 25kHz HFAC has already been adopted by Kokes and 

Daimler-Benz, in which square-wave voltage with high frequency is used to drive a motor[15-16]. 

 

The transition from mechanical system to mechatronic system enables much vehicle electrical 
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equipment with higher power level[17]. The voltage grade of the existing DC bus is 14V and 42V 

to provide power for auxiliary loads in vehicle. 14 V power network only accommodates a limited 

power capacity, while 42 V power network has to confront the issues from electric arcs and 

connector corrosion [18]. High frequency distribution is a viable solution to boost power and to 

eliminate the connection issues in inner electrical network of vehicle. A typical vehicle power 

network of auxiliary electrical system is demonstrated in Fig. 1-1 with 25kHz high frequency bus. 

 

Fig. 1-1. The possible HFAC auxiliary electrical system in vehicle. 

 

The modern luxury vehicles have more than two-kilometer wire in the harness, 2000 terminals and 

350 connectors to compare with the old vehicle in mid-fifties using less than 75 meters of wire, 

less than 100 terminals and about 30 connectors[15-16]. The complexity of auxiliary electronics 

can be solved by HFAC transform and electrical insulation. However, the automotive market has 

not adopted HFAC because of industry inertia, as well as unavoidable issues of EMI and losses. 
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1.2.4 HFAC in lighting 

Two kinds of commercial lighting system, incandescent and fluorescent lamps, were evaluated by 

HFAC power distribution[19]. The illumination efficiency is higher at high frequency system, and 

the increase of the distribution frequency does not increase the operating temperature. 400 Hz 

power source produce the highest illumination in both the incandescent and the fluorescent lamps. 

The faster transient response is also achieved for high frequency system. Furthermore, an HFAC 

based fluorescent lighting system has been proposed in [20], which distributes sinusoidal voltage 

and current to individual lamp drivers in a self-regulatory and modular fashion. The ballast 

inductance is reduced proportionally to the frequency with the corresponding reduction in the size 

and mass. The high frequency system offers energy saving, lamp brightness increase, redundancy 

and EMI noise reduction compared to existing low frequency lighting system. 

 

1.2.5 HFAC in renewable energy microgrid 

A renewable energy Microgrid consists of small power sources called as micro-sources that are 

usually derived from renewable power sources, such as wind turbines, solar panels and fuel cells. 

Compressor motors, lighting, and other power equipment can be viewed as the load interface. The 

power level of Microgrid usually is from sub-kWs to several MWs[21]. A potential of integrating 

all power sources and loads into HFAC power system is investigated with distribution track 

operating at 20kHz[22]. The main advantages of HFAC Microgrid are ease to improve power 

quality at high frequency, simple filter, less acoustic noise, ease to improve luminous efficiency, 

and reduction of harmonic ripple current in electric machines. 

 

Because of a long distribution distance to connect different power source with load, the frequency 

of AC system needs to be carefully determined to reduce EMI and power losses. A 500 Hz 
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frequency is used for Microgrid distribution system, and the simplified diagram of HFAC 

Microgrid is shown in Fig. 1-2[21]. 

 

Fig. 1-2. HFAC based Microgrid[21]. 

 

In order to ensure the stability of grid voltage and compensate the load disturbance, several new 

controllers, including Universal Power Quality Conditioner (UPQC) and Universal Active Power 

Line Conditioner (UPLC), have been presented for high frequency system[23]. UPQC is used to 

compensate current harmonics from nonlinear loads and voltage distortion from nonlinear source, 

as well as to provide power factor correction. UPLC is used to regulate the power flow between 

the Microgrid and the utility grid, and also to compensate the current harmonics from utility 

connection. Both UPQC and UPLC use p-q theory to cut down the computation time. A 

distributed intelligent energy management system (DIEMS) was presented to optimize the power 

generation of the high frequency sources. Neural network architecture based on fuzzy forecasting 

has been presented to predict external data from information source as weather satellites[24]. 

 

1.2.6  Summary of HFAC applications 

Some potential applications and advantages of HFAC PDS are examined in this section. It can be 

found from the applications in aerospace, telecommunication, lighting, vehicle, and Microgrid, 
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that the voltage waveform, magnitude, and operating frequency are tailored for different 

applications. In other words, HFAC distribution has different operating waveforms and 

frequencies to accommodate the application requirements from power rating, distribution distance, 

power quality, and circuit topology. 

 

1.2.6.1 Bus waveform 

Bus waveform is decided by the power transmitted among numerous sources and POLs. The 

waveform of HFAC output is studied by computer and telecommunications application [25-26]. 

The output of high frequency inverter has two kinds of waveform, one is sinusoidal waveform, 

and the other one is trapezoidal/square waveform. A sinusoidal waveform has the lowest harmonic 

content and reduces noise propagation, but it is complex to ensure sinusoidal waveform with low 

harmonic distortion and good power factor over entire load ranges. Compared with sinusoidal 

waveform, trapezoidal waveform can simplify the converter design without the consideration of 

resonant tank, and harmonics controlled by the varying soft switching times can be limited to a 

lower range in trapezoidal output. Compared with trapezoidal counterpart, sinusoidal waveform is 

more popular in most of the commercial applications due to the lowest losses of high frequency 

distribution. The distribution losses of the trapezoidal waveform bus are greater than that of the 

sinusoidal bus due to skin and proximity effect, both of which are particularly severe in high 

frequency circumstance. In other words, square/trapezoidal waveform is especially not suitable to 

high frequency applications with long distribution distance. It can be anticipated that the 

sinusoidal waveform distribution will become the preferable choice in the coming future, and the 

merits of sinusoidal distribution will become more attractive. 
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1.2.6.2 Operating frequency and voltage 

Because of the poor noise performance and unacceptable EMI in variable frequency distribution, a 

fixed frequency and voltage become a premise of high frequency system design. Considering the 

ease of step up and step down in AC system, the bus voltage is determined by the requirement of 

higher distribution efficiencies. Traditionally, the higher distribution voltage with lower 

distribution current can effectively cut down distribution losses. Hence, the tendency of voltage 

selection is as high as possible under the considerations of safety requirements, regulatory, and 

insulation. 

 

Distribution frequency of high frequency system also is diversed to different applications, and the 

higher frequency can effectively improve power density of entire power conversion. The size of 

capacitors, inductors and transformers can be cut down along with the increasing frequency. 

However, the distribution frequency cannot be too high, and the selection principle mainly 

depends on the switching losses, skin effect, and distribution distance. The higher distribution 

frequency leads to the larger switching losses and aggravated skin effect. Meanwhile, the longer 

distribution distance leads to the larger high frequency distribution losses. Therefore, distribution 

frequency of computer and telecom is close to 1MHz caused by short range, the distribution 

frequency in an electric vehicle is 20kHz or so caused by moderate range, and the distribution 

frequency of Microgrid is below 1kHz caused by long range. It can also be found that the higher 

frequencies have been proposed for the application with lower power rating. In a word, the ideal 

bus frequency and voltage are determined by many factors, such as distribution distance, power 

capacity, distributed power distribution, count of power converters and load conditions[27]. 
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According to literature review, a brief comparison is presented in Table 1-1 to illustrate the voltage 

level, frequency, and power capacity in existing HFAC applications. 

 

Table 1-1 Comparisons of the HFAC applications 

Applications Aerospace 
Telecommunication 

system 

Computer 

system 
Vehicle Microgrid 

Voltage level 440V around 60V 24V around 80V over 100V 

Frequency 400Hz-20kHz over 100kHz over 100kHz 20kHz 400-1kHz 

Power 
over dozens of 

kW 
several kW 500W tens of kW hundreds of kW 

The suitability of power transmission and distribution is determined by two significant factors at 

high frequencies system. One is the increased power losses, and the other one is the rising voltage 

drop. Both these factors increase with line length and frequency. In view of the assumption of 

small electrical size, the total length of this distribution line must be less than about 1/10 of the 

wavelength. 1/10 of a wavelength is 1200m at 25 kHz output frequency. For cables longer than 

1/10 of a wavelength, more sections must be adopted to model the line correctly. The tolerable 

losses determine the distribution distance at the different operational frequency. Meanwhile, the 

allowable regulation of voltage drop is around 5%, so both transmission voltage and current 

decide the different distribution distance as well [23]. 

 

1.3 HFAC PDS structure 

A typical power distribution is constituted by 4 stages categorized by power generation, power 

conversion, power distribution, and load. Correspondingly, a structure diagram of DC PDS can be 

demonstrated in Fig. 1-2a, and a typical structure diagram of HFAC PDS formed by high 



13 
 

frequency source and load side can be demonstrated in Fig. 1-2b[28]. 

 
(a) 

 
(b) 

Fig. 1-2. PDS structure. (a). DC PDS structure. (b). HFAC PDS structure 

 

Compared with DC PDS, HFAC system gets rid of the AC/DC rectifier in the source side, and also 

gets rid of DC/AC conversion in the load side. Because the number of power conversion in HFAC 

distribution is half of the number in DC distribution, the efficiency is thus higher and the cost is 

lower than its DC counterpart. Traditionally, the source side is constructed by a number of 
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front-end inverters in parallel connection to deliver power from the battery to transmission track, 

and the load side is constituted by multiple point-of-use converters to absorb the power from the 

transmission track. 

 

1.4 The possible topologies of HFAC power source 

It is assumed that the source inverter is fed with DC input line and output voltage is high 

frequency sinusoidal voltage. When the input line is AC voltage, a preceding rectifier is required 

with PFC functionality[34]. The power source formed by high frequency DC/AC converter is the 

most significant component in high frequency distribution system, and it is a challenging task for 

high frequency power source to design and implement the sinusoidal output with satisfactory 

performance. Some key requirements are addressed for high frequency DC/AC conversion. 

(1) Output voltage with lower THD: high quality output and low distribution losses are required 

by long distance distribution. 

(2) Complex load conditions: nonlinear load and mutable power factor of the equivalent 

impendence make it complicated to keep Zero-voltage switching (ZVS) over a large load range. 

(3) High efficiency: in order to overcome large switching losses, soft switching is inevitable to 

maintain a high efficiency power conversion. 

(4) Fast dynamics: the load varies dramatically within a short period. A fast dynamic performance 

is required to avoid transient and steady-state over-voltage or voltage drop of high frequency bus. 

 

In order to achieve abovementioned requirements, the half bridge and full bridge with phase-shift 

modulation (PSM), pulse-width modulation (PWM), and asymmetrical PWM (APWM) have been 

compared in [28]. Some topologies are introduced firstly with soft switching characteristics, 

including APWM resonant inverter, single-stage resonant inverter (SSRI) and two-stage resonant 
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inverter (TSRI). Compared to sinusoidal pulse-width-modulated (SPWM) inverter, the resonant 

inverter does not need high frequency carrier, so resonant topology enables the switching 

frequency nearby the bus frequency to effectively decrease switching losses. Lastly, a high 

frequency inverter topology constructed by cascaded multilevel circuit is examined to achieve 

large power capacity. 

 

1.4.1  Asymmetrical pulse-width-modulated(APWM) resonant inverter 

It can be found from Fig. 1-3a that this APWM resonant inverter is made up of a chopper 

circuit(S1, S2), an inductor-capacitor-inductor-capacitor(LCLC) resonant tank(Ls, Cs, Lp, Cp), a 2nd 

harmonic trap(L2, C2), and a high frequency transformer(T1)[29]. 

 

Fig. 1-3a. APWM resonant inverter topology. 

 

A chopper circuit converts DC voltage to high frequency asymmetric voltage with unidirectional 

conducting ability. A high frequency transformer is fed by this chopped voltage through an LCLC 

series-parallel resonant tank, as well as isolation between input and output is accomplished by this 

high frequency transformer. The resonant circuit consisting of a series branch and a parallel branch 
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can provide the following roles: (1) the unidirectional voltage is converted to resonating series 

current and parallel voltage; (2) ZVS is achieved for the inverter switches; (3) DC component of 

the unidirectional chopped voltage is blocked by resonant tank to pass through the high frequency 

transformer. Meanwhile, 2nd harmonic trap formed by L2 and C2 is significant to eliminate 2nd 

harmonic for this topology, because a certain amount of even order harmonics emerge in APWM 

chopper output. Hence, this topology with APWM chopper is worse than the other topologies with 

symmetrical PWM, such as PSM as below. 

 

1.4.2  Single-stage resonant inverter(SSRI) 

The single-stage PSM resonant inverter is the outstanding candidate of high frequency power 

source because of comprehensive performance. As shown in Fig. 1-3b, SSRI contains a full bridge 

switches(S1, S2, S3, S4), an LCLC resonant tank(Ls, Cs, Lp, Cp), an output transformer(T1) and 

connection impedance(Rc, Lc)[30]. The full bridge with PSM is optimal solution because of fixed 

frequency output, high power capacity and low switch stress. The resonant tank with two or three 

energy storage components has a wide application in DC/DC or DC/AC conversion, such as LC, 

LCC and LLC. Comparing with lower order resonant tank, the high-order resonant tank 

constructed by four energy storage components provides better filter performance, more parameter 

freedom to ZVS, wider load characteristics, and less circulating current. The connection 

impedance(Zc=Rc+jXc) is deliberately placed to prevent the circulating current in parallel system, 

meanwhile, it is also non-negligible due to connection cable. 
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Fig. 1-3b. SSRI topology. 

 

The 2nd harmonic elimination circuit is no longer needed in SSRI, because the input voltage to the 

resonant tank only includes odd harmonics caused by the symmetric modulation. Hence, SSRI has 

more preeminent performance and simpler structure than APWM resonant inverter. 

 

1.4.3  Two-stage resonant inverter(TSRI) 

A two-stage resonant inverter as shown in Fig. 1-3c is constituted by a DC/DC converter as the 

first stage, and a full-bridge resonant inverter or half-bridge resonant inverter as second stage[31]. 

The first stage can be a buck, boost or other DC/DC converter that is used to control output 

magnitude. The PFC control can also be integrated into the first stage, so that the utility power can 

be directly connected with the first stage. 
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Fig. 1-3c. TSRI topology. 

 

The resonant inverter as the second stage is constructed by an AC chopper (S3, S4) and resonant 

tank(Ls, Cs, Lp, Cp). The phase regulation is accomplished by the second stage. Since the duty ratio 

of the second stage is fixed with 50%, the soft-switching is simple for the second stage. On 

account of the better filter performance in the second stage, TSRI can provide high quality 

sinusoidal output with fewer harmonics. 

 

Although SSRI topology requires the fewer components than TSRI topology, it is difficult to 

simultaneously accomplish the regulation of magnitude and phase[32]. Compared with SSRI, 

TSRI can provide independent control capability of magnitude and phase. However, the 

drawbacks of TSRI are distinguished as the decreased efficiency and increased losses. ZVS is 

achieved in both resonant inverters through enabling the operating frequency above the resonant 

frequency of resonant tank. However, it is difficult to ensure soft switching over a wide input or 

load scope. Compared with SSRI, TSRI is easy to achieve soft switching caused by fixed 50% 
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duty cycle in the second stage. It can be observed that the doubly tuned resonant tank circuit was 

also the preferred resonance configuration in TSRI. 

 

General speaking, the advantages of resonant inverter are (1) resonant tank provides high quality 

waveform caused by high order resonance, high quality factor and high tuning factor; (2) soft 

switching cuts down the switching losses and improves the conversion efficiency; (3) resonant 

inverter achieves ZVS over a wide distributed load range; (4) since switching frequency is close to 

output frequency, the higher output frequency is easy to be achieved[33-34]. 

 

1.4.4  Cascaded H-bridge inverter 

In order to increase the output capacity, the most popular method is to connect SSRI or TSRI in 

series or in parallel. However, it is impractical for high frequency resonant inverter due to 

challenges from complicated synchronization and quick dynamics. If the resonant inverter needs 

simultaneously synchronize both magnitude and phase of high frequency output voltage, the 

control and modulation will become extremely complicated. DSP based digital control can be used 

to implement relatively complicated controller, however, the operation time grows exponentially 

along with the order increase of controller. Moreover, sampling time and quantization error cannot 

be neglected in DSP based controller. From the viewpoint of circuit topology, multilevel inverter 

is another solution to increase power capacity without synchronization consideration, so the higher 

power output is easy to be achieved by multilevel inverter with lower switch stress. Meanwhile, 

harmonics in staircase output can be greatly decreased by increasing number of voltage levels, so 

the output filter becomes simple, small size and high performance. 
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Fig. 1-3d. Cascaded multilevel inverter topology. 

 

The traditional topology of multilevel inverter contains diode-clamped and capacitor-clamped. 

The higher number of voltage levels can be obtained by these two topologies; however, the 

extremely complicated circuit structure is unavoidable. Another kind of multilevel inverter is 

cascaded H-Bridge constructed by the series connection of H-Bridge. A typical cascaded H-bridge 

inverter as shown in Fig. 1-3d theoretically can reach any level number of output voltages, but it is 

inappropriate to those applications with cost saving and input limitation. Moreover, cascaded 

multilevel inverter is not particularly designed for high frequency DC/AC conversion. Hence, it is 

a challenging task for us to design and implement a high frequency multilevel inverter with large 

power capacity, flexible circuit components, and simple modulation method. 

 

1.5 Future prospects 

The future power distribution system needs to deliver power more efficiently and more safely. 

Increasing capacity demand enables the electrical system to be operated at the higher voltage, 
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current and power level. It can be found from the roadmap that HFAC distribution has already 

endured decades of development. In the early 1980s, the early application of HFAC system was 

aerospace distribution and motor drives. Subsequently, it experienced a quick development in the 

fields of computer and telecommunication system in the last few decades. Modern energy system 

provides higher requirements for power distributions. An increasing demand of more distributed 

loads and efficient means of energy delivery enable HFAC to attract more interests from some 

novel applications, such as EV and renewable energy Microgrid. Meanwhile, environmental 

protection will be another important criterion of energy distribution system. With the advantages 

of smaller transformer, small harmonic filters, less power conversion stages and less component 

counts, HFAC distribution offers operational convenience and implementation simplicity. 

Although market inertia limits its application in the near future, its outstanding advantages will 

attract more and more interests from both industry and academia. Meanwhile, the technological 

advances in high frequency distribution line, magnetic materials and circuit topology can further 

cut down technological risks, overcome operating obstacles and release advantages of HFAC 

system. 

 

1.6 Thesis objective 

The main objective of this thesis is to present an overall discussion to clarify the different aspects 

of high frequency power source. Hence, this thesis is written to address the various issues from 

different viewpoints. The aim is to provide feasible solutions to propel high frequency system into 

the applications with long distance distribution and large power capacity. 
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1.7 Thesis outline 

The work mainly focuses on the design and analysis of high frequency power source from 

viewpoint of circuit topology, modulation method, control algorithm, and system integration. This 

thesis is organized into six chapters that can be divided into three parts. The first part of this thesis 

is Chapter 1 that gives an overview on the HFAC PDS. The second part of this thesis is composed 

of Chapters 2, 3, 4, 5 that address the various examinations in our research. The third part of this 

thesis is Chapter 6 that concludes this thesis and presents the further studies. 

 

In Chapter 1, a simplified introduction of HFAC PDS, including application field, distribution 

system structure, existing circuit topology, and future prospects is described. The purpose is to 

serve as an introduction to the subsequent discussions mentioned in the second part of this thesis. 

 

In Chapter 2, a novel switched-capacitor (SC) based cascaded multilevel inverter is presented with 

high frequency output, low output harmonics, and large power capacity. The topology analysis, 

symmetrical modulation, operation cycles, Fourier analysis, parameter determination and topology 

enhancement are outlined. 

 

In Chapter 3, considering the component tolerance and circulation current in parallel resonant 

inverters, a unified PSM is proposed for SSRI to integrate the regulations of magnitude and phase. 

An AC phase analysis, PSM evolution of resonant inverter, and operational scope of unified 

modulation are addressed. 

 

In Chapter 4, a μ-based controller is presented for LCLC resonant inverter, and the perturbations 
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from component tolerance and load are viewed as uncertainty matrix in μ synthesis framework. 

Mathematical model of SSRI is examined firstly. According to robust control methodology, the 

corresponding controller is obtained by μ-synthesis framework. The further performance analysis 

of controller is performed based on μ-analysis. 

 

In Chapter 5, a novel IPOS topology is proposed to resolve circulating current in parallel system, 

and this modified topology can boost the power capacity with optimal synchronization capability. 

The corresponding small signal modeling and simplified plant model are presented. A power 

sharing controller with correlation control method is examined to provide high quality output, 

flexible power capacity, and wide operation range. 

 

A conclusion will be given in Chapter 6 by reiterating the major findings and contributions. A 

discussion of the future work is also addressed in this chapter. 
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CHAPTER 2 

SC BASED CASCADED MULTILEVEL INVERTER 

 

A novel switched-capacitor (SC) based cascaded multilevel inverter is presented to serve as high 

frequency power source. The new circuit topology is constituted by a switched-capacitor as 

frontend circuit and H-Bridge as backend circuit, as well as the number of voltage level in 

staircase waveform can be increased by both frontend and backend simultaneously. The number 

increase of voltage levels uses the fewer components than conventional cascaded H-Bridge 

inverter. 

 

2.1 Problem identification 

In order to increase the power capacity of high frequency power source, the most popular method 

is to connect the resonant inverter in series or in parallel. However, it is complicated for resonant 

inverter due to synchronization complexity in both magnitude and phase angle. Multilevel inverter 

is effective alternative to increase power capacity without synchronization consideration, so the 

higher power capacity is easy to be achieved by multilevel inverter with lower switch stress[35]. 

The traditional topology of multilevel inverter contains diode-clamped and capacitor-clamped. 

The former uses the diode to clamp the voltage level; the latter uses the additional capacitor to 

clamp the voltage level. The higher number of voltage levels can be achieved in staircase output; 

however, the circuit topology becomes extremely complex in both two methods. Another kind of 

multilevel inverter is cascaded inverter formed by the series connection of H-Bridge[36]. The 

cascade structure increases the system reliability due to the same circuit cell, control structure and 

modulation method. However, the disadvantage confronted by cascade structure is numerous 
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switches and multiple inputs. For instance, if we need to increase two voltage levels in staircase 

output, an H-Bridge formed by four power switches and an individual DC input is required. 

 

A number of studies have been performed to simplify the cascaded multilevel inverter. An SC 

based multilevel circuit can increase the number of voltage levels using the simplified structure. 

However, EMI issue due to the discontinued input current and relatively complicated control 

strategy partly limit its application[37]. A single-phase five-level PWM inverter constituted by a 

full bridge of diodes, two capacitors and a switch is presented in [38]. However, this topology only 

can provide five voltage levels and the further enhancement of circuit structure is impossible to 

obtain the higher number of voltage levels. An SC based cascaded inverter presented in [39] is 

constituted by SC frontend and full bridge backend. However, this circuit topology complicates 

control scheme and increases component count. Another study has been presented to increase 

voltage levels via series/parallel conversion of DC voltage sources. However, multicarrier pulse 

width modulation(MPWM) adopted by this topology is inappropriate to high frequency system, 

because the carrier frequency is dozen times of the reference frequency in MPWM[40-41]. If the 

reference frequency is around 20kHz, the carrier frequency would become a couple of megahertz 

in MPWM. The carrier frequency determines the switching frequency, so a large switching loss is 

unavoidable to obtain high frequency output in this scheme. A boost multilevel inverter based on 

partial charging of SC can increase the number of voltage levels theoretically. However, the 

control strategy is complicated to implement partial charging[42]. Therefore, it is a challenging 

task to present an SC based multilevel inverter with low output harmonics, large power capacity 

and high frequency output. 
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2.2 SC based cascaded inverter with nine-level output 

Based on the study situation aforementioned, a simple modulation and novel multilevel inverter 

are examined in depth. The corresponding operation cycle, Fourier analysis, and small signal 

modeling are discussed thereafter. 

 

2.2.1 Circuit topology 

An SC frontend and cascaded H-Bridge backend constitute this novel multilevel circuit. If the 

number of output voltage levels accomplished by SC frontend and cascaded H-Bridge backend are 

N1 and N2 respectively, the total number of output voltage levels is 2×N1×N2+1 in entire operation 

cycle. It is worth noting that the backend of the proposed inverter is cascaded H-Bridge in series 

connection. Hence, it is significant for H-Bridge to ensure the circuit conducting regardless of the 

directions of output voltage and current. In other words, H-Bridge needs four conducting modes in 

both inductive and resistive load, i.e., forward conducting, reverse conducting, forward 

freewheeling, and reverse freewheeling. 
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Fig. 2-1. Circuit topology of cascaded 9-level inverter(N1=2, N2=2). 
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Fig. 2-1 shows the circuit topology of 9-level inverter(N1=2, N2=2), in which S1, S2, S1
’and S2

’ as 

the switching devices of SC circuit are used to control the series or parallel connection of C1 and 

C2. S1a, S1b, S1c, S1d, S2a, S2b, S2c and S2d are the switching devices of cascaded H-Bridge. Vdc1 and 

Vdc2 are input voltage. D1 and D2 are diodes that can be used to constrain the current direction. A 

low pass filter formed by an inductor L and a capacitor C can filter the harmonics, so sinusoidal 

waveform is obtained in output current iout and output voltage vo. 

2.2.2 Symmetrical modulation 

The traditional modulations of multilevel inverter are the space vector modulation[43], the 

multicarrier PWM[44], and the selective harmonic elimination[45]. However, most of them need 

to increase the carrier frequency that is dozen times of the reference or output frequency. In order 

to make the switching frequency close to output frequency, a symmetrical phase-shift 

modulation(SPSM) is introduced into this high frequency multilevel inverter. Because SPSM 

enables the full-bridge output symmetrical with the carrier, voltage level can be superimposed 

symmetrically and the carrier frequency is twice as the output frequency[46]. The structure of 

SPSM is shown in Fig. 2-2a, and the operational waveform is shown in Fig. 2-2b. 

 

abV



mV
ppV cV

 

(a)                              (b) 

Fig. 2-2. Structure and operational waveform of SPSM (a) circuit of SPSM. (b) operational waveforms of SPSM. 
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The logic operations of gate signals are 

1 { ( ), ( )}
2 { ( ), ( )}

gate XOR Q RS Q D
gate XO R Q RS Q D






                                            (2-1) 

3 { { ( ), ( )}, ( )}

4 { { ( ), ( )}, ( )}

gate XOR AND Q RS NOT PWM Q D

gate XOR AND Q RS NOT PWM Q D





                              (2-2) 

A controlled PWM with pulse width δ is symmetrically generated by the comparisons of the 

triangle carrier Vc and modulation signal Vm. The rising edge matching of Vc and Vm triggers the 

polarity inversion of the leading bridge, while the falling edge matching of Vc and Vm triggers the 

polarity inversion of the lagging bridge. When Vm has amplitude change of ΔVm caused by steady 

regulation or dynamic variation, SPSM simultaneously moves gate1 and gate3 in the opposite 

direction. Therefore, the derived Vab would be symmetrical with respect to the specific point of Vc. 

 

2.2.3 Operational principle  

After introducing symmetrical modulation and novel topology, operational waveforms are 

demonstrated in Fig. 2-3. Vc is the triangular carrier, and Vpp is the peak value of Vc. The 

modulation signals of triangular carrier are Vm_1c, Vm_1b, Vm_2c and Vm_2b. Vm_1b and Vm_2b are 

phase-shift modulation signals of H-Bridge 1 and H-Bridge 2 respectively, and δi is the duration 

width of voltage level controlled by Vm_1b and Vm_2b. Vm_1c and Vm_2c are pulse-width modulation 

signals of SC1 and SC2 respectively, and αi is the duration width of voltage level controlled by 

Vm_1c and Vm_2c. In particular, the drive signals of H-Bridge switches(S1a, S1b, S1c, S1d, S2a, S2b, S2c, 

S2d) satisfy phase-shifted operation, the drive signals of SC switches(S1, S2, S1
’, S2

’) are 

complementary pulse signals. Two operational modes are presented in Fig. 2-3. Mode 1 is similar 

to mode 2 apart from the different positions of four modulation signals(Vm_1c, Vm_1b, Vm_2c, Vm_2b). 
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Consequently, the duration widths of each voltage level are regulated by different modulation 

signals in both mode 1 and mode 2. 
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(a)                                                 (b)  

Fig. 2-3. Operational waveforms of the proposed multilevel inverter. (a). operation mode 1. (b). operation mode 2. 

 

Active circuits of the operational mode 1 are demonstrated in Fig. 2-4. When t0≤t＜t1 in Fig. 2-3a, 

the switches S1a, S1b, S2a and S2b are driven by the gate-source voltage. H-Bridges 1 and 2 are in 

freewheeling state, and output voltage is zero. Because S1
’ and S2

’ are on, the capacitors C1 and C2 

are charged to Vin(Vdc1=Vdc2=Vin). The voltages on Bus 1 and Bus 2 are Vin as well. The current 

flow in this time interval is shown in Fig. 2-4a. 
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When t1≤t＜t2 in Fig. 2-3a, the switches S1a, S1b, S2a and S2c are driven by the gate-source voltage. 

H-Bridge 1 is freewheeling state, and H-Bridge 2 is positive conducting state. Output voltage is 

Vin. Because S1
’ and S2

’ are on, the capacitors C1 and C2 keep charged to Vin(Vdc1=Vdc2=Vin). The 

voltages on Bus 1 and Bus 2 are Vin as well. The current flow in this time interval is shown in Fig. 

2-4b. 
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Fig. 2-4. Active circuits for different operation intervals in the operational mode 1. (a). t0-t1. (b). t1-t2. (c). t2-t3. (d). t3-t4. (e). t4-t5. 

(f). t5-t6. (g). t6-t7. (h). t7-t8. 

 

When t2≤t＜t3 in Fig. 2-3a, the switches S1a, S1c, S2a and S2c are driven by the gate-source voltage. 

H-Bridges 1 and 2 are positive conducting state. Output voltage is 2Vin. Because S1
’ and S2

’ are on, 

the capacitors C1 and C2 keep charged to Vin(Vdc1=Vdc2=Vin). The voltages on Bus 1 and Bus 2 are 

Vin as well. The current flow in this time interval is shown in Fig. 2-4c. 

 

When t3≤t＜t4 in Fig. 2-3a, the switches S1a, S1c, S2a and S2c are driven by the gate-source voltage. 

H-Bridges 1 and 2 are positive conducting state. Output voltage is 3Vin. Because S1
’ and S2 are on, 
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the capacitor C1 keeps charged to Vin(Vdc1=Vdc2=Vin), and the capacitor C2 is discharged. The 

voltages on Bus 1 and Bus 2 are Vin and 2Vin respectively. The current flow in this time interval is 

shown in Fig. 2-4d. 

 

When t4≤t＜t5 in Fig. 2-3a, the switches S1a, S1c, S2a and S2c are driven by the gate-source voltage. 

H-Bridges 1 and 2 are positive conducting state. Output voltage is 4Vin. Because S1 and S2 are on, 

the capacitors C1 and C2 are discharged. The voltages on Bus 1 and Bus 2 both are 2Vin. The 

current flow in this time interval is shown in Fig. 2-4e. 

 

The operations in t5≤t＜t6 is the same as the operations in t3≤t＜t4, the operations in t6≤t＜t7 is the 

same as the operations in t2≤t＜t3, and the operations in t7≤t＜t8 is the same as the operations in 

t1≤t＜t2. The active circuits are shown in Fig. 2-4f, 2-4g, and 2-4h. 
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 (a)                                                  (b) 

Fig. 2-5. Active circuits for different operation intervals in the operational mode 2. (a). t2-t3. (b). t6-t7. 

 

Compared with operational mode 1, the mode 2 has a different active circuit in two time intervals. 

When t2≤t＜t3 in Fig. 2-3b, the switches S1a, S1b, S2a and S2c are driven by the gate-source voltage 
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respectively. H-Bridge 1 is freewheeling state, and H-Bridge 2 is positive conducting state. Output 

voltage is 2Vin. Because S1
’ and S2 are on, the capacitor C1 keeps charged to Vin and capacitor C2 is 

discharged. The voltages on Bus 1 and Bus 2 are Vin and 2Vin respectively. The current flow in this 

time interval is shown in Fig. 2-5a. Similarly, it can be found from Fig. 2-5b that the active circuit 

in t6≤t＜t7 has the same operations as the active circuit in t2≤t＜t3. 

 

The second half-cycle(from t8 on) has similar active circuits as the first half-cycle(t1-t8), but the 

current will be circulated in an opposite direction to provide the negative output voltage. The 

relations of on-state switches and output voltage level are described in Table 2-1, as well as 

operation cycles of two modes are compared closely. It can be found from Table 2-1 that the active 

circuit has ten working states to achieve nine voltage levels. When the operation enters a new state 

from an adjacent state, only one switch needs change the on-off state. Power switches of H-bridge 

circuit have higher device stress than power switches of SC circuit. It also can be found that the 

output voltage in mode 1 is more stable than mode 2 due to less time of capacitor discharging. 

 

TABLE 2-1 RELATIONS of ON_STATE SWITCHES AND OUTPUT VOLTAGE 

Mode I Mode II 

On-state switches 

Output 

voltage Capacitor State On-state switches 

Output 

voltage Capacitor State 

S1a, S1c, S2a, S2c, S1,S2 4Vin C1, C2 Discharging S1a, S1c, S2a, S2c, S1,S2 4Vin C1, C2 Discharging 

S1a, S1c, S2a, S2c, S1
’, S2 3Vin C2 Discharging S1a, S1c, S2a, S2c, S1

’, S2 3Vin C2 Discharging 

S1a, S1c, S2a, S2c, S1
’ S2

’  2Vin C1, C2 Charging S1a, S1b, S2a, S2c, S1
’ S2  2Vin C2 Discharging 
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S1a, S1b, S2a, S2c, S1
’ S2

’ Vin C1, C2 Charging S1a, S1b, S2a, S2c, S1
’ S2

’ Vin C1, C2 Charging 

S1a, S1b, S2a, S2b, S1
’ S2

’               

or S1c, S1d, S2c, S2d 0 C1, C2 Charging 

S1a, S1b, S2a, S2b, S1
’ S2

’       

or S1c, S1d, S2c, S2d 0 C1, C2 Charging 

S1c, S1d, S2b, S2d, S1
’ S2

’ -Vin C1, C2 Charging S1c, S1d, S2b, S2d, S1
’ S2

’ -Vin C1, C2 Charging 

S1b, S1d, S2b, S2d, S1
’ S2

’  -2Vin C1, C2 Charging S1c, S1d, S2b, S2d, S1
’ S2  -2Vin C2 Discharging 

S1b, S1d, S2b, S2d, S1
’, S2 -3Vin C2 Discharging S1b, S1d, S2b, S2d, S1

’, S2 -3Vin C2 Discharging 

S1b, S1d, S2b, S2d, S1,S2 -4Vin C1, C2 Discharging S1b, S1d, S2b, S2d, S1,S2 -4Vin C1, C2 Discharging 

Along with the up-down movement of modulation signals(Vm_1c, Vm_1b, Vm_2c, Vm_2b), the output 

voltage of the novel multilevel inverter has a controlled 9-level staircase. The duration width of 

each level is determined by the duty-cycle of SC circuit and the phase-shifted angle of H-Bridge 

circuit. 

 

2.2.4 AC small signal mode 

A simple model is studied based on the small signal analysis. With the increasing number of 

voltage levels, dominated portion of output voltage is the fundamental component and the output 

harmonics can be neglected in plant modeling. Compared with the dynamic characteristics of LC 

filter, the capacitor in SC circuit can be neglected by modeling caused by the short time constant. 

Therefore, the proposed inverter is simplified into 2nd order system with two state variables. i.e., 

the state variables are the capacitor voltage vC and inductor current iL. The input of the state 

equation is output voltage of cascaded H-Bridge VAB, and control variable is the duration width of 

each voltage level δ1, δ2, α1 and α2. The novel 9-level inverter is shown in Fig. 2-6a with 

Equivalent Series Resistance(ESR), and the control block diagram is shown in Fig. 2-6b. rC and rL 

are the ESR of L and C respectively. VAB is the voltage of points A to B. 
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Fig. 2-6 Novel 9-level inverter and its control block diagram. (a). novel 9-level inverter with ESR. (b). control block diagram of 

plant. 

 

From the Fig. 2-6, variable vectors are derived by 
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The operating point of steady-state can be obtained by setting zero to dx/dt. The further small 

signal model can be derived nearby the steady-state point using small signal disturbances 

appended on the large signal model. After the linearization of Taylor Series Expansion, the small 

signal state space equations are 

1 1 2 2 3 1 4 2
ˆ ˆˆ ˆ ˆˆ ˆ

ˆ ˆ

x Ax Bu D D D D

y Cx

        






                                        (2-7) 

where ^ is the small disturbance. 
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0
in
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                                                           (2-8) 
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F F F F
L L L LD D D D   

                                 
              

                     (2-9) 

With the increasing number of voltage levels, the factors of disturbance terms(Di, i=1…n)are 

exclusively determined by duration width of each voltage level. Consequently, the corresponding 

gain compensation is easy to be analyzed based on this model. 

 

2.2.5 Fourier analysis 

In aforementioned 9-levels inverter, the staircase output vo as shown in Fig. 2-7 can be divided 

into four parts v01, v02, v03, v04. The duration width of each part is decided by the comparisons of 

reference signals(Vm_1c, Vm_1b, Vm_2c, Vm_2b) and triangular carrier(Vc). If the pulse widths of each 

part are defined as δ1, δ2, α1 and α2, a Fourier analysis can be conducted for this 9-level inverter. 
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Fig. 2-7. Output voltage decomposition for Fourier-analysis. 

 

The magnitude of the harmonics can be described by 
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In operational mode 2, 
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In order to further describe the relations of output THD and duration widths(α1, α2, δ1, δ2), four 

predefined parameters are given, 

1
1

1

k 
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2
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k 


 , 1
1 2

x  
 , 2

2 2
x  
                                   (2-13) 

The output waveforms can be described by these four constants. According to the definition of 
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THD(
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), the output voltage THD is calculated using the harmonics 

magnitudes. The relations of output THD and x1, x2 are plotted in Fig. 2-8 with the fixed k1 and k2. 

   
(a)                                                     (b) 

Fig. 2-8. The relation curves of output THD versus x1, x2(unit, rad). (a). k1=0.6, k2=0.4. (b) k1=0.5, k2=0.5. 

 

It can be found from Fig. 2-8 that THD is easy to be regulated by the duration widths of voltage 

level. At the suitable scope of x1 and x2, THD of output voltage is less than 10%. When k1=0.6 and 

k2=0.4, THD is less than 10% within the scope of 0.05<x1<0.5 and 0.4<x2<0.6. When k1=0.5 and 

k2=0.5, THD is less than 10% within the scope of 0<x1<0.4 and 0.4<x2<0.6. After LC filter, the 

magnitude of sinusoidal output is also determined by the duration widths of voltage level. Two 

patterns are available to simultaneously perform the regulation of THD and magnitude. One is to 

regulate x1 and x2 with the fixed k1 and k2. The other one is to regulate k1 and k2 with the fixed x1 

and x2. In subsequent simulation and experiment, the second pattern is adopted to evaluate the 

regulation capability of output THD. 

 

If this novel DC-AC inverter serves as second stage of an AC-AC conversion, an AC-DC 

controlled rectifier is required as a preceding stage. Power factor correction(PFC) implemented by 
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DC-DC converter is used to improve the power factor in AC-DC conversion. In this case, the 

magnitude control of output voltage can be conducted by controlled AC-DC stage in input side, so 

both SC frontend and H-bridge backend can generate the optimized pulse widths to minimize 

output THD. Hence, an optimal result is achieved by this two-stage power conversion, in which 

AC-DC conversion regulates magnitude, and DC-AC conversion implemented by the proposed 

multilevel inverter minimizes output harmonics. 

 

2.3 Determination of capacitance 

As shown in Fig. 2-4, the capacitors are charged when they are in parallel with power source, and 

the capacitors are discharged when they are in series with power source. The switch Si and Si
’ are 

driven alternatively during the half of output cycle, so the driving frequency of Si and Si
’ is twice 

of the frequency of output voltage. In contrast, the driving frequency of Sia -Sid is the same as the 

frequency of output voltage. 

 

The voltage fluctuation of multilevel output is decided by the capacitance of Ci, and the smaller 

voltage fluctuation has smaller capacitor loss and higher capacitor efficiency. The higher 

capacitance of Ci has fewer voltage ripples; however, the capacitance cannot be infinity due to the 

cost. The appropriate selection of capacitance is that the maximum voltage ripple is 10% of the 

maximum capacitor voltage[40]. 

 

Before calculating the capacitance of Ci, some assumptions are given to simplify the analysis. (1). 

the output load is pure resistor load; (2). the same duration width is provided to each voltage level 
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of staircase output. Therefore, the time points in Fig. 2-3 are 

0 1 2 3 4
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1 1 3 10 , , , ,
2 0 1 0 2 0 5

3 7 2 9, , ,
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s s s s

s s s s
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                                 (2-14) 

where ts is the period of the output voltage defined by 

1
s

s

t
f

                                                                   (2-15) 

where fs is the frequency of the output voltage. 

 

In the operational mode 1 as shown in Fig. 2-3a, the longest discharging cycle of C1 is between t4 

and t5, and the longest discharging cycle of C2 is between t3 and t6. In the operational mode 2 as 

shown in Fig. 2-3b, the longest discharging cycle of C1 is the same as the operational mode 1, 

while the longest discharging cycle of C2 is between t2 and t7. Therefore, the maximum 

discharging amount of C1 is defined by 

5

4

1 sin(2 )
t

c out s
t

Q I f t dt                                                   (2-16) 

where Iout is the amplitude of the output current and Φ is the phase difference between the output 

voltage vo and current iout. If 10% ripple is taken into account, Qc1 should be less than 10% of the 

maximum charging amount of C1. i.e., 

1
1 0.1

c

in

QC
V

                                                                (2-17) 

Furthermore, the maximum discharge of C2 is defined by 

6

3

2 sin(2 )
t

c out s
t

Q I f t dt   , mode 1                                       (2-18) 

7

2

2 sin(2 )
t

c out s
t

Q I f t dt   , mode 2                                       (2-19) 
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It can be found from the equations that the operational mode 2 needs larger C2 than that in 

operational mode 1. When the load condition is pure resistive, the phase angle of load current is 

accorded with load voltage. The maximum discharge of capacitor is achieved in resistive load, 

because peak load current is the midpoint of integration period. In other words, if the capacitance 

of Ci derived in pure resistive load satisfies ripple requirement, it also can maintain the less 

voltage ripples in inductive load. 

 

If the voltage drop of diode is neglected, the peak current in the capacitor is 

in C i
c

c

V VI
r


                                                            (2-21) 

where Vci is the voltage on the capacitors(Ci), and rc is the ESR of the capacitor. The larger 

capacitance has less voltage difference. However, larger capacitor will have less rc, therefore the 

actual value of the peak capacitor current has to be calculated or modeled properly. Large 

capacitor also imposes higher cost. The selection of capacitor is a compromise of all these factors. 

 

According to the previous analysis, the relation curve of frontend switched capacitors(Ci) versus 

ripple voltage is shown in Fig. 2-9a with fixed 25kHz output frequency, and relation curve of 

frontend switched capacitor(Ci) versus output frequency is shown in Fig. 2-9b with fixed 10% 

ripple voltage. 
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(a)                                                      (b) 

Fig. 2-9. Capacitance determination. (a). the curve of frontend capacitor versus voltage ripple with fixed output of 25kHz. (b). the 

curve of frontend capacitor versus output frequency with 10% voltage ripple. 

 

It can be found from Fig. 2-9 that (1), the less capacitance of Ci
 leads to larger ripples; (2), mode 2 

needs larger Ci than mode 1 for 10% voltage ripple. Because the higher output frequency needs 

less capacitance of Ci, capacitor cost of the proposed multilevel inverter can be greatly saved in 

high frequency circumstance. 

 

2.4 Power losses analysis 

In order to improve the efficiency, the loss analysis is conducted for the proposed circuit. The 

power losses mainly come from the capacitor losses and the switching losses. The analysis of 

switching loss is similar with the traditional cascaded H-bridge, and the switching losses can be 

cut down by resonant circuit with soft-switching. The capacitor losses consisting of ripple loss Prip 

and conduction loss Pcond are newly introduced by the proposed inverter. When the capacitor Ci is 

connected from series to parallel, the ripple is derived by the difference between the input voltage 

Vin and the capacitor voltage Vci. The voltage ripple of Ci is 
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                                                        (2-22) 

where ici is the transient current of the capacitor Ci, and the discharging interval is denoted by t- 

and t+. For C1 in operational mode 1, t- and t+ are t4 and t5 respectively. For C2 in operational mode 

1, t- and t+ are t3 and t6 respectively. Thus, the loss from voltage ripple is resulted by 

2

1

k

rip i rip s
i

P C V f


                                                      (2-23) 

where k is the number of switched capacitors, and fs is the frequency of the output voltage. It can 

be found that the ripple loss is inversely proportional to the capacitor Ci. The conduction losses 

can be further calculated by 

2

1
2

tk

cond s c ci
i t

P f r i dt





                                                    (2-24) 

The larger capacitor current leads to a large conduction loss. Lastly, the losses from switched 

capacitors are denoted by 

sc rip condP P P                                                        (2-25) 

Both ripple loss and conduction loss are proportional to the frequency of the output voltage and 

number of capacitors. It is concluded that a larger capacitor can improve efficiency and prolong 

capacitor lifetime. However, the larger capacitor leads to the higher cost. Thus, a tradeoff of cost 

and efficiency need to be taken into account for capacitor determination. 

 

2.5 Further enhancements 

Two methods can be adopted to further increase the number of voltage level. One is to increase the 

levels number of SC circuit output; the other one is to increase the levels number of H-Bridge 

output. 13-level inverter as shown in Fig. 2-10 demonstrates these two methods. 
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Fig. 2-10. Circuit topology of cascaded 13-level inverter. (a). 3×2 structure with two DC inputs. (b). 2×3 structure with three DC 

inputs. 

 

3×2 structure constructed by 6 diodes, 4 capacitors, 14 switches, and 2 DC inputs is obtained by 

enhancement of SC circuit as shown in Fig. 2-10a. 2×3 structure constructed by 3 diodes, 3 

capacitors, 18 switches, and 3 DC inputs is obtained by enhancement of H-Bridge circuit as shown 
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in Fig. 2-10b. It can be found that 3×2 structure requires more diodes and capacitors than 2×3 

structure. However, the number of power switches in 3×2 structure is less than that in 2×3 

structure. Because the traditional cascade topology needs 24 switches and 6 inputs to generate 13 

voltage levels, the number of power switches and inputs is significantly decreased by proposed 

inverter[47]. The component count is significantly larger than the two-stage resonant inverter with 

Boost frontend circuit; however, the complicated control issues including synchronization and 

circulating current are avoided by multilevel inverter implementation. In order to implement 4n+1 

voltage levels, the corresponding component counts are compared in Table 2-2. 

 

TABLE 2-2 COMPONENTS COMPARISONS OF PROPOSED INVERTER AND CASCADED H-BRIDGE 

Inverter type 

Proposed inverter enhanced by SC 

n×2 

Proposed inverter enhanced by H-Bridge 

2×n 

Cascaded 

H-Bridge 

switching 

device 

2n+8 6n 8n 

capacitor 2n-2 n 0 

diode 4n-6 n 0 

DC input 2 n 2n 

Power losses 

(2n-2)×caploss+(4n-6)×diodeloss+ 

(2n+8)×switchloss 

N×caploss+n×diodeloss+ 

6n×switchloss 

8n×switchloss 

 

The proposed inverter with n×2 structure needs 2n-2 capacitors, 2n+8 switches, and 2 DC inputs. 

The proposed inverter with 2×n structure needs n capacitors, 6n switches, and n DC inputs. The 
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traditional cascaded H-Bridge needs 8n switches and 2n DC inputs. In order to implement the 

same number of voltage levels, the proposed inverter requires less switching devices and inputs 

than the traditional cascaded H-Bridge. However, the number of capacitors and diodes is increased, 

especially in n×2 structure. It also can be found that the higher number of voltage level has more 

saving of switching devices. By virtue of input and components conditions, it is feasible to select a 

flexible enhancement mode for different power applications. 

 

The further enhancement of output voltage can be realized in the proposed circuit. If the voltage 

inputs exhibit the different combination, higher number of voltage levels can be generated in the 

proposed multilevel inverter topology. For instance, 

When Vd1:Vd2=1:2, 13 voltage levels is generated; 

When Vd1:Vd2=1:3, 17 voltage levels is generated; 

When Vd1:Vd2=1:4, 21 voltage levels is generated; and so on. 

Hence, the proposed SC based multilevel inverter has the potential to implement the staircase 

output with more number of voltage steps. The staircase output beomes more sinusoidal via the 

increasing number of voltage levels. The further studies including the modulation strategy and 

control method are required for functionality enhancement and performance improvement. 

 

2.6 Performance evaluation 

The proposed multilevel inverter is evaluated by simulation and experiment. The results of 

simulation and experiment are compared under the same operational conditions. 
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2.6.1 Simulation evaluation 

The simulation of proposed inverter is performed by PSIM, and simulation model is given in 

Appendix 2.1. The waveforms of output voltage vo, capacitor current (iC1, iC2) and capacitor 

voltage (vC1, vC2) are shown in Fig. 2-11. The following parameters are used for low power 

simulation. The input voltage is Vin=12V, the module 1 capacitor is C1=100μF with 80mΩ ESR, 

the module 2 capacitor is C2=220μF with 50mΩ ESR, the diodes D1 and D2 have 0.6V forward 

voltage drop and 50mΩ internal resistance, and the load resistance is Ro=12Ω. The following 

parameters are used for high power simulation. The input voltage is Vin=100V, the module 1 

capacitor is C1=300μF with 30mΩ ESR, the module 2 capacitor is C2=560μF with 20mΩ ESR, 

and the load resistance is Ro=12Ω. The frequency of output voltage fs is 25kHz. The waveforms of 

low power and high power are demonstrated in Fig. 2-11a and Fig. 2-11b respectively. 

 

(a) 
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(b) 

Fig. 2-11. Simulation waveforms of 9-level SC based cascaded inverter, output frequency fs=25kHz (k1=k2=0.5, x1=π/8, x2=π/4, 

mode 1). (a). low power at 50 W. (b). high power at 4 kW. 

 

The simulation waveforms are accorded with theoretical analysis. C1 is discharged at the interval 

of t4 to t5, and C2 is discharged at the interval of t3 to t6. Both capacitors are charged and 

discharged once every half operational cycle. Because of the internal resistance of diodes D1 and 

D2, the charging current can be divided into several subintervals that are accordance with 

operational analysis. Considering the charging cycle and RC time constant, the peak current of 

charging period and voltage drop of discharging period are rational at the given conditions. 

Theoretically, amplitude of ±4×12V is resulted in low power, and amplitude of ±4×100V is 

resulted in high power. However, a deviation in amplitude is seen between theoretical result and 

simulation waveform. In low power simulation, the voltage of the capacitors C1 varies between 11 

V and 11.3 V, while the voltage of the capacitors C2 varies between 10.8 V and 11.1 V. In high 
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power simulation, the voltage of the capacitors C1 varies between 91 V and 95 V, while the 

voltage of the capacitors C2 varies between 89 V and 91 V. Thus, the amplitude of simulation 

waveform is less than the theoretical amplitude due to forward voltage drop and internal resistance 

of components. The larger capacitance and component stress are required for SC frontend and 

H-bridge backend to accommodate the high power application. 

   

(a)                                                  (b) 

   

 (c)                                                  (d) 

Fig. 2-12. Simulation waveforms of 9-level and 13-level SC based cascaded inverter, output frequency fs=25kHz. (a) output 

voltage of 9-level inverter (k1=k2=0.5, x1=π/8, x2=π/4). (b). spectrum of 9-level output (k1=k2=0.5, x1=π/8, x2=π/4). (c). output 

voltage of 13-level inverter(same duration of each voltage level). (b). spectrum of 13-level output(same duration of each voltage 

level). 
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The output voltage and voltage spectrum are compared in Fig. 2-12, including 9-level and 13-level 

inverter. Fig. 2-12a is output waveform of 9-level inverter at condition of k1=k2=0.5, x1=π/8, and 

x2=π/4. The step voltage in staircase output has a slightly drop at t=0.00465-0.00475 due to the 

discharging cycle of switched capacitor. Fig. 2-12c is output waveform of 13-level inverter with 

the same duration of each voltage level. 13-level inverter adopts 3×2 structure, and the following 

circuit parameters are used. The input voltage is Vin=12V, the module 1 capacitors are C1=100μF 

C’
1=120μF with 80mΩ ESR, the module 2 capacitors are C2=220μF C’

2=250μF with 50mΩ ESR, 

and the load resistance is Ro=12Ω. It can be found from the Fig. 2-12c that the voltages drop is 

indistinctive in each step of staircase output, because the discharging cycle of switched capacitors 

becomes shorter for 13-level inverter. 

 

TABLE 2-3 HARMONICS OF THE PROPOSED 9-LEVEL AND 13-LEVEL INVERTER 

Harmonic 9-level 13-level 

Fundamental 1 38.8V 55.1V 

3 6.8V 7.2V 

5 2.6V 2.1V 

7 1V 2V 

9 1V 0.5V 

THD(%) 19.1 14.1 

The output spectrums of 9-level and 13-level inverter are illustrated in Fig. 2-12b and Fig. 2-12d 

respectively. The fundamental frequency is 25kHz that is the same as output frequency. It can be 

observed that the fundamental component is significantly larger than the component of other 

frequencies. The magnitude of fundamental component is below 40V for 9-level inverter, while 

the magnitude of fundamental component is 55V for 13-level inverter. The main harmonics are 

compared in Table. 2-3. The calculated THD is 19.1% for 9-level inverter and 14.1% for 13-level 
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inverter. 13-level inverter has fewer high order harmonics than 9-level inverter. It can be estimated 

that the harmonics can be further cut down along with the increasing number of voltage levels. 

 

2.6.2 Experimental evaluation 

An experimental prototype was implemented with output frequency of 25kHz and output power of 

50W. The schematic of modulation circuit is shown in Fig. 2-13 that is made up of D 

flip-flop(DFF), RS flip-flop(RSFF), NOT, and Exclusive OR(XOR). LM393 is a dual comparator 

operated at single voltage mode. The LOCMOS logic components consisting of HEF4013(dual D 

flip-flop), HEF4070(Quad 2-input XOR), HEF4081(Quad 2-input AND gate), and HEF4069(Hex 

Inverters) accomplishes the symmetrical PSM. 5V output in CMOS logic is magnified by 

boot-strap IC IR2113 to drive power switches. The switching devices are IRF540 MOSFETs with 

about 50mΩ on-state resistances. Capacitor C1 is 100μF electrolytic capacitor with ESR 80mΩ, 

while C2 is 220μF electrolytic capacitor with ESR 50mΩ. Vin is 12V supplied by dc power supply. 

The switching frequency of H-bridge backend is 25kHz, while the switching frequency of SC 

frontend is 50kHz. Ro is 12Ω resistive load. Electrolytic capacitor over 100μF is used in the 

simulation and experiment. Actually, capacitance can be cut down to 30μF with the acceptable 

voltage ripples, so polyphenylene or polyester capacitors can be adopted in practical circuit. 
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Fig. 2-13. The schematic of modulation circuit 

 

Fig. 2-14 shows the observed waveforms of gate driver(gs1, gs1a), input current(Iin1, Iin2), output 

voltage(vo). The switching frequency of S1, S1
’, S2 and S2

’ is twice as the output frequency, and the 

switching frequency of S1a-S1d and S2a-S2d is the same as the output frequency. Thus, the switching 

frequency is much less than that in multicarrier modulation. Iin2 is greater than Iin1, so Vdc2 

provides more energy than Vdc1. There is energy unbalance in each circuit cell with cascaded 

connection, and further research is required for power balance. THD of output voltage is 19.7% 

for 9-level inverter, which is close to simulation results and theoretical analysis. 
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(a)                                               (b) 

Fig. 2-14. Observed waveforms of output voltage, gate driver, input current with 25kHz output and 12Ω load(k1=k2=0.5, x1=π/8, 

x2=π/4). (a). upper trace: the output voltage vo; second trace: S1 gate driver gs1; third trace: S1a gate driver of gs1a; lower trace: 

input current Iin1. (b). upper trace: the output voltage vo; second trace: S2 gate driver gs2; third trace: S2a gate driver gs2a; lower trace: 

input current Iin2. 

 

Fig. 2-15 shows the observed waveforms of output voltage(vo), capacitor current(ic1, ic2), and 

capacitor voltage(vc1, vc2). The observed amplitude of output voltage is lower than the theoretical 

amplitude 48V. The reason is the voltage drop from the internal resistance of MOSFETs, diode 

and capacitor. The charging cycle is divided into several subintervals, and capacitor C1 has a 

shorter discharging cycle than capacitor C2. The capacitor voltages vc1& vc2 alternatively increases 

and drops along with charging and discharging operations respectively. Because of the short 

discharging duration, vc1 has the lower ripple voltage than vc2. The experimental results are 

accorded with the simulation waveforms. The resonant circuit can be added in front of the 

switching capacitor to cut down di/dt and EMI. 
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(a)                                               (b) 

Fig. 2-15. Observed waveforms of output voltage, capacitor current and capacitor voltage with 25kHz output and 12Ω 

load(k1=k2=0.5, x1=π/8, x2=π/4). (a). upper trace: the output voltage vo; middle trace: capacitor current ic1; lower trace: capacitor 

voltage vc1. (b). upper trace: the output voltage vo; middle trace: capacitor current ic2; lower trace: capacitor voltage vc2. 

 

Fig. 2-16 shows the observed waveforms at the different output frequencies with the operational 

condition of k1=k2=0.5, x1=π/8, x2=π/4. The same circuit parameters are adopted for comparisons 

of 25kHz and 500 Hz. The output and capacitor voltage are demonstrated in Fig. 2-16a with the 

output frequency of 25kHz; the output and capacitor voltage are demonstrated in Fig. 2-16b with 

the output frequency of 500 Hz. It can be found that the voltage drop is negligible in each step of 

25kHz staircase output caused by a shorter discharging cycle. However, a larger voltage drop 

occurs in each step of 500 Hz staircase output due to a longer discharging cycle. Likewise, the 

larger ripple can be found in capacitor voltage vc1 with output frequency of 500 Hz. 
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(a)                                             (b) 

Fig. 2-16. Observed output and capacitor voltage at condition of k1=k2=0.5, x1=π/8, x2=π/4 and 12Ω load. (a). output waveforms 

of 25kHz frequency. upper trace: the output voltage; lower trace: capacitor voltage. (b). output waveforms of 500 Hz frequency. 

upper trace: the output voltage; lower trace: capacitor voltage. 

 

A small LC filter is added in front of resistive load to improve the total harmonics of output 

voltage. The filter inductor and capacitor are 50μH and 0.5μF respectively. Output voltage and 

current after filter are vof and iof respectively, both of which are demonstrated in Fig. 2-17a. It can 

be found that the LC filter smoothes the staircase output and close sinusoidal output is obtained 

for power distribution. 

    

(a)                                             (b) 

Fig. 2-17. Output waveforms after LC filter and conversion efficiency curves. (a). upper trace: staircase output; middle trace: 

output voltage after LC filter; lower trace: output current after LC filter. (b).Conversion efficiency comparisons of 9-level 

inverter with 25kHz output under the condition of k1=k2=0.5, x1=π/8, x2=π/4. 
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The efficiency curves of the simulation and experiment are illustrated in Fig. 2-17b. Both 

simulation and experiment adopt the same circuit parameters with the output frequency of 25kHz. 

There are some small differences existed between the results of simulation and experiment due to 

the discrepancy between the simulation model and the experimental prototype. However, the 

curvature varied with the output current is almost similar. The main power losses contain 

switching losses, conduction losses of the switches, conduction losses of capacitor, and ripple 

losses of capacitor. It can be found that the proposed inverter can achieve more than 83% 

conversion efficiency over a wide range of output current. Meanwhile, total efficiency slightly 

falls off along with the increase of the output power. The root cause is the increase of conduction 

losses due to on-state resistance of the power MOSFET. 

 

With the same circuit parameters, the smooth output is seen in high frequency scenario. 

Meanwhile, the capacitor cost of high frequency scenario can be greatly saved compared with low 

frequency counterpart. Thus, the proposed modulation and topology are more suitable for high 

frequency applications. Furthermore, the charging and discharging frequency of switched 

capacitor are twice of output frequency, which is significantly less than the charging and 

discharging frequency in multicarrier pulse width modulation. Thus, the lifetime of capacitor is 

prolonged by reduced times of charging and discharging. It is concluded from simulation and 

experiment that the proposed multilevel inverter and symmetrical modulation are an effective 

approach to serve as high frequency power source with higher conversion efficiency. 
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2.7 Summary 

A novel SC based cascaded multilevel inverter was presented to serve as high frequency power 

source. Both 9-level and 13-level circuit topology are examined in depth. Compared with 

conventional cascaded H-bridge inverter, the proposed inverter can greatly decrease the number of 

switching devices. The single carrier modulation named by symmetrical PSM has been introduced 

due to reduction of switching frequency and ease of implementation. The determination of the 

capacitance is discussed afterward. The accordant results of simulation and experiment further 

prove the feasibility of proposed circuit topology and modulation method. 

 

Along with the introduction of SC frontend, the proposed inverter can further increase the number 

of voltage levels. The number of voltage levels increases twice times in half period of 9-level 

circuit compared with conventional cascaded inverter. The number of voltage levels increases 

three times in half period of 13-level circuit compared with conventional cascaded inverter. With 

the geometric growth of level number, THD of output voltage is greatly reduced by proposed 

multilevel inverter. Meanwhile, appropriated regulation of duration width can accomplish voltage 

magnitude control, so the proposed multilevel inverter can serve as high frequency power source 

with controlled magnitude and fewer harmonics. We mainly analyzed 9-level and 13-level 

inverters. The method of analysis and design are also applicable to other members of the proposed 

inverter. The proposed high frequency inverter is appropriated for interior electrical network such 

as EV, because the multiple DC voltage sources can be retrieved from batteries, ultracapacitors, 

and fuel cells. 
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CHAPTER 3 

UNIFIED PSM OF SINGLE-STAGE LCLC RESONANT INVERTER 

 

A novel unified phase-shifted modulation(UPSM) is presented for parallel resonant inverters to 

integrate the regulation of magnitude and phase. UPSM in steady state completely removes the 

regulation coupling between magnitude and phase modulation, so that the controllers of 

magnitude and phase can be independently designed without interactions. Consequently, the 

optimal synchronization performance is achieved by dual-controller integrated by UPSM. 

 

3.1 Introduction 

The control of high frequency power source formed by resonant inverter is complicated because of 

the following factors: (1) input voltage varies over a wide scope; (2) series-parallel connection of 

resonant inverter is complicated due to high frequency dynamics. Thus, power expansion becomes 

difficult for high frequency applications; (3) soft-switching is hard to satisfy over a wide range; (4) 

output voltage needs low THD for dedicated load; (5) unknown distributed load and multiple load 

interactions lead to more dynamic and nonlinear load characteristics. Therefore, great efforts are 

required to solve these issues, but most of solutions are troublesome and of poor performance. 

 

In order to solve the power expansion issue, the traditional method is to connect the resonant 

inverter in series or parallel. A typical parallel connection of single-stage resonant inverter is 

demonstrated in Fig. 3-1. The resonant tank formed by four energy storage components provides 

the sinusoidal output with less THD and more flexible ZVS configuration[48-50]. The connection 

impedance(Zc=Rc+jXc) is deliberately placed to prevent the circulating current[51], and it is also 
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non-negligible due to connection cable in parallel system. 
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Fig. 3-1. Structure diagram of paralleled single-stage resonant inverters. 

 

An approach of output synchronization and load sharing is to design appropriate modulation and 

control strategy for paralleled inverters. The advanced magnitude controller is proposed in [52-55]. 

However, most of them are complicated and costly. A frequency based controller titled by one 

cycle robust controller can effectively resist perturbations from input line, load, and components 

with a simple implementation[56], but the exclusive magnitude control is far from enough to 

achieve load sharing in parallel system. Because of the distinguished discrepancy of output phase, 

the circulation current and unwanted power losses are unavoidable in high frequency circumstance. 

High frequency current sharing control (CSC) was presented to accomplish load sharing via 

average magnitude and phasor transformer[57-58]. But the phasor transformer based CSC is 

complicated and average magnitude based CSC needs an unperturbed phase angle. A symmetrical 

PSM has been proposed to maintain the phase angle unperturbed in magnitude modulation[57], 

however, it only provides a rough current sharing, because output discrepancy caused by 
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component tolerance is neglected[51]. In order to perfectly accomplish current sharing, 

independent phase control is indispensable for parallel system to operate with magnitude control 

together. An independent small signal based phase controller [58] is proposed for two-stage 

resonant inverter, but it adopts two-stage power circuit to separately regulate magnitude and phase. 

If the regulations of phase and magnitude can be integrated together by a unified modulation, two 

regulations can be simultaneously accomplished in single-stage resonant inverter. 

 

3.2 AC phase analysis 

AC phase analysis is to analyze the relations of phase angle and component parameters, which 

reflect the significance of the controlled phase angle. The simplified equivalent schematic of the 

resonant inverter is shown in Fig. 3-2. The input voltage of the resonant tank is an ideal 

quasi-square waveform denoted by va. Xe and Re are the equivalent reactance and resistance from 

secondary side. vp and vs are the voltage of primary and secondary sides. N is the turns ratio of 

transformer. Xc and Rc are connection reactance and resistance. Both Xc and Rc are small as 

compared with other circuit parameters. The parasite resistances are neglected in the impedance 

equivalent circuit. 
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Fig. 3-2. Impedance equivalent circuit of resonant inverter. 
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The Fourier decomposition of va is 
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where Vin is input voltage, δ is the pulse width of phase-shift magnitude control, fs is switching 

frequency and va1is the first harmonics of va. If fundamental portion is presumed to be dominated 

component due to ideal filter performance of LCLC resonant tank, the voltage over the parallel 

resonant branch or over the equivalent load is 1 1
1 1

1 1 1

/ /
/ /
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, where Zs1, Zp1, and Ze1 are 

fundamental frequency impedances of Zs, Zp and Ze. 

 

Guo has already introduced predefined constant for steady state analysis of resonant inverter[59], 

but research of phase angle sensitivity with respect to resonant parameters has not been conducted. 

The relation curves of phase lag angle to predefined constants are examined thereafter. Firstly, the 

following assumptions are made for phase sensitivity analysis, 1) the series branch inductor (Ls) 

and capacitor (Cs) are tuned to switching frequency to eliminate the series voltage loss at 

fundamental frequency; 2) the parallel branch is off tuned to a frequency higher than the switching 

frequency; 3) the transformer has unity turns-ratio; 4) HFAC bus has a pure resistive load(Ro); 5) 

Ze≈Re≈Ro, because of Ro>>Rc&Xc. Hence, the fundamental impedance of the series inductor XLs is 

the same as that of series capacitor XCs, thus both of which are denoted by Xs. The fundamental 

frequency impedance of the parallel inductor and capacitor are defined as XLp and Xcp respectively. 

Four analysis constants(k1, k2, k3, k4) are given to manifest the relations among resonant 

parameters. 



62 
 

1 2 3 4; ; ;cps o c

Lp Lp Lp o

XX R X
k k k k

X X X R
                                       (3-2) 

k1 is the impedance ratio of series inductor to parallel inductor. A larger k1 means that the series 

branch can suppress more high order harmonics to provide less output THD. k2 is the impedance 

ratio of parallel capacitor to parallel inductor. A smaller k2 means that the parallel capacitor can 

suppress more high order harmonics. However, a smaller k2 exhibits less inductive characteristics, 

so that the decreased phase lag angle makes ZVS difficult over entire load range which is to be 

discussed in Section 3.5. Thus, k2 should be greater than 1 to maintain inductive impedance, and 

should also be small enough to achieve THD requirements. k3 is the impedance ratio of equivalent 

load to parallel inductor, so k3 varies over a wide scope due to large load variations. With the fixed 

k1, k2 and Ro, the larger k3 means less resonant impedance of parallel branch. k4 is the impedance 

ratio of connection reactance to load. The operation scopes of these analysis constants are 

determined by THD, ZVS, and switching stress. Finally, the equations of phase lag angle are 

obtained with respect to these predefined constants. 
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Then 1
3

2

1tan [ ( 1)]k
k

     , when k4=0                          (3-5) 

The phase lag angle of resonant current is to the chopped voltage va is Φ, that is impedance phase 

angle influenced by resonant tank, connection impedance, and load. Thus, the sensitivity curve of 

phase lag angle as shown in Fig. 3-3 demonstrates the relations of Φ versus k3, with zero k4 and 

various k2. 
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Fig. 3-3. Phase angle versus k2, k3 with zero k4.  

 

It can be seen from Fig.3-3 that the curve clusters are roughly parallel to each other with different 

k2. Φ increases with the increasing k3. Meanwhile, when k2 is greater than 1, Φ increases with the 

rising k2. The minimum Φ is close to 0o, and the maximum Φ is close to 90o. Since the phase lag 

angle varies within a large range caused by component tolerance and load condition, the phase 

discrepancy of high frequency output is large for parallel modules due to circuit asymmetry. Thus, 

a controlled phase angle is significant for parallel modules to eliminate this kind of phase 

discrepancy. 

 

3.3 PSM evolution of HFAC resonant inverter 

Based on two existing PSM(the traditional PSM and the symmetrical PSM), a novel PSM is 

proposed to facilitate the regulations of magnitude and phase. 

 

3.3.1  Traditional PSM and symmetrical PSM 

Fig. 3-4a is the logic diagram of the traditional PSM that is made up of two comparators, two D 

flip-flops, and a few logic gates. Fig. 3-4b demonstrates the operational waveforms of the 
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traditional PSM. H-bridge contains a leading (LEG A) and lagging (LEG B) bridges from each 

half-bridge. The carrier signal is Vc, and the modulation signal is Vm. The full bridge output is va, 

and output voltage is vo. α is the phase-shift angle between leading and lagging bridges. Because 

of geometry relationship as α+δ=π, α can be derived by the modulation signal(Vm) as

( )pp m

pp

V V
V

 


 , in which Vpp is the peak voltage of the carrier signal. 

 

The traditional PSM generates the varying phase-shift angle α and controls the output magnitude 

of resonant inverter via comparison of the sawtooth carrier Vc and the modulation signal Vm. The 

gate signal of the lagging phase is to flip polarity at fixed point of Vc, while the gate signal of the 

leading phase is to flip polarity at a controlled point determined by Vm. Therefore, the extra phase 

angle is /2 that is decided by Vm. The magnitude ( )ov t  and phase ( )ov t  of output voltage vo(t) 

in traditional PSM are described by, 
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              (3-6) 

It can be found that the output phase of traditional PSM not only depends on the component 

parameters, but also depends on the magnitude modulation (Vm). Therefore, traditional PSM 

cannot get rid of the modulation coupling between magnitude and phase. If two parallel inverters 

generate different magnitude modulation signals (Vm and Vm’) to balance the magnitude output, 

traditional modulation leads to undesirable phase difference in parallel outputs. Thus, traditional 

PSM deteriorates load sharing of parallel system due to the disturbance of unsymmetrical 

modulation. 



65 
 

    

(a)                                                  (c) 

LEGA

av

ov

LEGB



mV
ppV

LEGA

av

ov

LEGB

 

mV
ppVcV cV

( )oV t ( )oV t  

(b)                                                   (d) 

 Fig. 3-4. Structures of traditional and symmetrical PSM. (a) Traditional PSM structure. (b) Operation waveforms of traditional 

PSM. (c) Symmetrical PSM structure. (d) Operation waveforms of symmetrical PSM. 

  

A symmetrical PSM was proposed to remove Vm term in ( )ov t as shown in Fig. 3-4c[57]. Fig. 

3-4d demonstrates the critical operations. The symmetrical PSM is similar to the conventional 

PSM with the exception of 4 additional AND gates and 1 NOT gate. Another difference is that the 

symmetrical PSM needs a symmetrical triangular carrier as opposed to the ramp carrier in 
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traditional PSM. A controlled PWM is symmetrically generated by the comparisons of the triangle 

carrier Vc and modulation signal Vm. The rising edge matching of Vc and Vm triggers the polarity 

inversion of the leading bridge(LEG A), while the falling edge matching of Vc and Vm triggers the 

polarity inversion of the lagging bridge(LEG B). The logic operations of gate signals are 

1 { ( ), ( )};

4 { { ( ), ( )}, ( )};

gate XOR Q RS Q D

gate XOR AND Q RS NOT PWM Q D









                            (3-7) 

A varying Vm can simultaneously move gate signals of leading and lagging bridges at opposite 

direction from their overlapping which is the midpoint of Va, so it is located in a fixed position 

with respect to Vc. As a result, ( )ov t  keeps fixed in the course of magnitude regulation, and Vm 

term is eliminated from ( )ov t . ( )ov t  is described as below in symmetrical PSM, 
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        (3-8) 

It can be found from (3-8) that ( )ov t  depends on component parameters in symmetrical PSM. 

If two parallel inverters generate different magnitude modulation signals(Vm and Vm’) to balance 

the voltage magnitude, the symmetrical PSM provides near-identical phase angle for parallel 

inverter. However, the discrepancy of ( )ov t  is unavoidable due to parameter asymmetry of 

parallel resonant inverters. 

 

3.3.2  Proposed unified phase-shifted modulation(UPSM) 

Traditional PSM has a phase perturbation from magnitude modulation, and symmetrical PSM fails 

to eliminate phase discrepancy from parameter asymmetry. A novel modulation called UPSM is 

proposed to completely solve these issues, so that output discrepancy is minimized and optimal 

synchronization is achieved. 
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Firstly, parallel inverters are assumed to be 10% parameters tolerance with Gaussian distribution, 

as well as the parallel modules employ the same carrier with the same frequency and phase. 

UPSM is presented as shown in Fig. 3-5a that contains three operational amplifiers (Summing, 

Difference, and Differentiator), two comparators and more logic gates than symmetrical PSM. The 

circuit structure is divided into two parts from the viewpoint of functionality. The first one is to 

generate symmetrical PSM via the comparisons of triangular carrier and magnitude modulation 

signal. The second one is to separate the phase correction signal from magnitude regulation and to 

accomplish an accurate phase correction that is the logic circuits below the symmetrical PSM. 

 

(a) 
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Fig. 3-5. Unified PSM. (a) The structure. (b) Operation waveforms. 

 

The typical waveforms as shown in Fig. 3-5b demonstrate the logic operations of UPSM. Sc is the 

phase correction pulse. S1 and S3 are the driver signal of LEGA and LEGB respectively. The 

carrier period is half of the switching period. The dead time and operation transient of logic 

circuits are ignored as compared with switching period. 

 

The output of magnitude controller is Vm_v that is used to generate equivalent PWM through the 

comparison of Vm_v to triangular carrier Vc. A quasi-square waveform obtained by equivalent 

PWM is symmetrical with Vc, because the gate signal of leading bridge is derived by the rising 

edge matching of Vc, and the gate signal of lagging bridge is derived by the falling edge matching 

of Vc. The upper part of Fig.3-5a is typical circuit of symmetrical PSM. 
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Furthermore, Vm_p as the phase control signal is used to add and subtract Vm_v, so Vm_v+Vm_p and 

Vm_v-Vm_p can be obtained by analogy amplifier(OA1&OA2).  Three PWM signals (PWM, 

PWM+ and PWM-) are obtained via the comparisons of Vc to modulation signals(Vm_v, Vm_v+Vm_p, 

and Vm_v-Vm_p). Phase correction pulses Sc are subsequently separated from PWM+/PWM- through 

two exclusive OR (XOR) gates(XOR5&XOR6). Sc comprises the pulses of leading/lagging bridge 

and the pulses of forward/backward direction, which are discriminated by the selection logic 

formed by differentiator and AND gates(OA3, AND5, and AND6). The valid correction pulses are 

correspondingly combined with the original gate signal via another two XOR 

gates(XOR7&XOR8). Because driver signals of the leading and lagging bridges simultaneously 

move in the same direction, δ and ( )ov t  keep unchangeable in the phase regulation. ( )ov t  

keeps fixed in the magnitude regulation as the symmetrical PSM does. Therefore, the regulations 

of magnitude and phase can coexist in steady state. Lastly, ( )ov t  and ( )ov t  in UPSM is 

_

( )4( ) sin( ) ;
2

( ) ;
2

pp ms o
o in

s p o c pp

m p
o s p c

pp
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v t v
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                  (3-9) 

where β is the phase regulation angle. Phase discrepancy can be completely compensated by β, so 

the output synchronization can be optimized for parallel resonant inverters. 

 

3.3.3  Comparisons of three PSM 

From the above analysis, traditional PSM is used for DC/DC resonant converter without phase 

consideration, whereas the symmetrical PSM roughly eliminates phase discrepancy in parallel 

output, and UPSM optimizes synchronization for parallel system. The comparisons among three 

PSM are shown in Table 3-1. 
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TABLE 3- 1 COMPARISONS of THREE PSM 

 
Phase disturbance from 

magnitude regulation  
Phase control Parallel applications 

Traditional PSM Yes No DC resonant converter 

Symmetrical PSM No No 
HF resonant inverter without 

parameter tolerance 

consideration 

Unified PSM No Yes 
HF resonant inverter with 

parameter tolerance 

consideration 

Because of independent regulations of phase and magnitude, output synchronization of parallel 

system can be optimized by two individual controllers integrated by UPSM. Moreover, owing to 

independent regulation ability, UPSM can accomplish advanced CSC algorithm that is significant 

for load sharing and circulation current minimization. 

 

3.4 Transient analysis of UPSM 

Although the modulation coupling is totally eliminated in steady state, the deviations of dynamic 

modulation are unavoidable for UPSM. Two dynamic scenarios are examined to help dynamic 

deviation analysis. One is the modulation process with varying magnitude and fixed phase. The 

other one is the modulation process with varying phase and fixed magnitude. 
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(b)  

Fig. 3-6. Modulation waveforms of transient state. (a) Typical modulation waveforms of the variable magnitude with fixed phase. 

(b) Typical modulation waveforms of the variable phase with fixed magnitude. 
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It can be found from Fig. 3-6a that the waveform of scenario 1 is divided into three operation 

stages. The stage I is the steady state with fixed Vm_v and Vm_p, the stage II is the transient state 

with varying Vm_v and fixed Vm_p, and the stage III is the new steady state with new fixed Vm_v and 

original Vm_p. The phase regulation angle β should remain unchangeable in three stages caused by 

a fixed Vm_p. However, β has a dynamic change in stage II due to coupling disturbance from the 

varying magnitude regulation. The dynamic deviation of phase regulation ΔβT is 

_ _ _
1 2 1

1 2 2 1

1 2

( )cos
tan( ) tan tan(90 )

2 2

m p m p m p
T o

V V V
   

   
 

 

     
 

  

.                     (3-10) 

where β1 and β2 are phase regulation angle in stages I and II respectively, θ1 is the crossing angle 

of Vm_v to horizontal line in stage II, θ2 is the crossing angle of Vm_v to carrier Vc in stage II, and σ 

is vertical angle of carrier. It can be seen from Fig. 3-6a that ΔβT increases with the rising θ1. 

 

The waveform of scenario 2 is also divided into three operation stages as shown in Fig. 3-6b. The 

difference with scenario 1 is that the transient stage has a fixed Vm_v and varying Vm_p in scenario 2. 

Because the phase modulation simultaneously shifts gate signal of leading and lagging bridges in 

the same direction, δ should be kept fixed due to a fixed Vm_v. However, the deviation of δ 

emerges in the stage II caused by the disturbance from dynamic modulation of phase angle. From 

the magnified curve of Fig. 3-6b, dynamic deviation of magnitude regulation ΔδT is 

_
2 1 _2 tan

2
m p

T m p
pp

V
V

V


                                         (3-11) 

where δ1 and δ2 are the magnitude width in stages I and II respectively. _m pV is Vm_p variation in 

one carrier period, and σ is vertical angle of carrier. It is concluded from two scenarios that a 
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larger slope of Vm_v and Vm_p leads to larger ΔβT and ΔδT. 

 

Furthermore, the modulation ratio can be defined as below. At the moment of to, the magnitude 

modulation is Vm_v(t0) and phase modulation is Vm_p(t0). After a moment, the magnitude 

modulation becomes Vm_v(t1) and phase modulation becomes Vm_p(t1). The difference between t0 

and t1 is _ _ 1 _ 0( ) ( )m v m v m vV V t V t   , _ _ 1 _ 0( ) ( )m p m p m pV V t V t   , 1 0( ) ( )t t     , and 

1 0( ) ( )t t     . According to the carrier symmetry, modulation ratio (Km_v, Km_p) can be 

defined as _
_

m v
m v pp

K
V V
 

 


, _
_

m p
m p pp

K
V V
 

 


. Because Km_v is equal to Km_p, both 

regulations have the same linear weight. Similarly, the cross-ratio between magnitude and phase 

regulations are Dm_v and Dm_p that are defined as _
_

m v
m v

D
V





, _
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. Relations of 

modulation ratio to the slope of modulation signal are illustrated in Fig. 3-7. 
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(a)                                                                 (b) 

Fig. 3-7. Relations of modulation ratio to the slope of modulation signal. (a) curve of Km_v and Dm_v. (b) curve of Km_p and Dm_p. 

 

It can be seen from Fig. 3-7a that cross ratio Dm_v increases along with the increasing slope of Vm_p. 

It can be seen from Fig. 3-7b that cross ratio Dm_p increases along with the increasing slope of Vm_v 

The increasing slope of Vm_v and Vm_p shortens the transient time and decreases the transient period. 

Meanwhile, Dm_v and Dm_p are negligible in the case of fewer slopes of Vm_v and Vm_p. Since Km_v 
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and Km_p keep fixed in both steady and transient states, UPSM can provide a roughly fixed 

modulation ratio for magnitude and phase regulation. 

 

3.5 Operation scope of UPSM 

The operation scope of proposed modulation is determined by ZVS and THD. The magnitude 

regulation represented by δ is determined by output THD, operating scope of ZVS and current 

stress of resonant components. The phase regulation expressed by β is decided by the geometry 

relationships with δ. The foundation of unified modulation is the comparison of modulation and 

carrier signals, so modulation signal (Vm_v+Vm_p, Vm_v-Vm_p and Vm_v ) must be laid in the carrier 

scope, i.e., 

_ _ _ _ _0 ;

( ) ( 0 )
m v m p m v m v m p pp

o

V V V V V V

AND    

     

   
                         (3-12) 

Following the aforementioned discussion in equations (3-5), the output current lags behind 

chopped voltage in resonant inverter, and Φ is phase lag angle decided by component parameters 

and load conditions. The switches of S1 and S4 always are soft switching. The phase angle between 

the triggering of S3 and the zero crossing of the resonant current is is denoted as γ.  

2
 

 


 
                                                       (3-13)

 

If γ is larger than zero, the switches S2 and S3 can be soft switching[57]. Thus, the condition of 

ZVS feature in lagging bridge is
2

 



 . Furthermore, the relationships of βmax to predefined 

constants can be derived by 
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Furthermore, THD of quasi-square waveform is analyzed under the condition of complete 
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resonance, i.e., k2=1, 
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where Zsn and Zpn are the nth harmonics impedances of series and parallel branch ( 1,2,... )n   , and 

fs is switching frequency. The harmonics damping factor ( , 1, 2,...fnk n   ) is 
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kfn decreases with decreasing Ro, and the minimum kfn lies in the full load condition. When load is 

open circuited ( 3k   ), maximum THD is achieved at the largest kfn. Hence, the worst THD is 

derived by its definition, 
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where Va1 is the root mean square(RMS) of va1, and Van is of the RMS of van. According to the 

equations (3-5), (3-14)and (3-17), the limitation of β is illustrated in Fig. 3-8a, and the output THD 

versus βmax is illustrated in Fig. 3-8b. 

   
(a)                                              (b) 

Fig. 3-8. Operation scope of βmax. (a) βmax versus k2 and k3. (b) Worst case THD versus βmax with different k1 and fixed k2=2. 
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It is concluded from Fig. 3-8a that (1) βmax is operated in the range of [0 o, 90o], (2) a larger k3 has 

larger βmax. k3 should be as large as possible to enlarge the operating scope of β, but a large k3 

leads to high current stresses in the resonant components. Hence, it is significant for k3 to provide 

a suitable operation scope of β, (3) when k2 is greater than 1, a larger k2 has larger βmax. Since a 

large k2 exhibits a high inductive impedance enabling ZVS easily, the wide range of phase 

regulation become possible with the large k2. It can be observed from Fig. 3-8b that a larger k1 has 

the lower output THD. The minimum THD is achieved nearby βmax=60o. 

 

3.6 Performance evaluation 

The performance evaluation consists of two parts. One is to testify the feasibility of unified 

modulation. The other one is to evaluate the optimal synchronization performance. 

 

3.6.1  Feasibility of UPSM 

The steady and transient state of UPSM is simulated by PSIM. The steady-state waveforms are 

demonstrated in Fig. 3-9a with the output frequency of 25kHz. a.I proves the regulation capability 

of phase angle. The red and blue lines are the chopper outputs of full bridge before and after phase 

regulation respectively. a.II further testifies phase regulation in corresponding sinusoidal output. 

a.III shows the modulation signals(Vm_v+Vm_p, Vm_v, Vm_v-Vm_p) and triangular carrier Vc(5VVpp). 

a.IV shows three PWM signals(PWM, PWM+, PWM-) retrieved by the comparisons of 

modulation and carrier signals. a.V and a.VI are the gate signals of leading and lagging bridge that 

move in the same direction to keep a fixed δ. a.VII is the phase compensation pulses(Sc) that is 

superimposed onto the original gate signals. The waveforms are accorded with the previous 

analysis in steady state. The simulation model is given in Appendix 2.2. 
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(a) 

   

(b) (c) 

Fig. 3-9. Simulation results of UPSM (a) Steady-state. (b) Transient-state with varied Vm_p(Kp(s)=0.1, Kv(s)=0.1). (c) 

Transient-state with varied Vm_v(Kp(s)=0.1, Kv(s)=0.1). 

 

Transient simulations are demonstrated in Fig. 3-9b&c with varying Vm_v and Vm_p. Kv(s) and Kp(s) 

are the control parameters of magnitude and phase, both of which employ a small proportional 

constant(Kp(s)=0.1, Kv(s)=0.1) to generate controller outputs (Vm_v, Vm_p) with the lower slope. 
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With a fixed Vm_v and varied Vm_p, δ should be fixed and β changes slowly. With a fixed Vm_p and 

varied Vm_v, β should be fixed and δ changes slowly. It is observed from the Fig. 3-9b&c that both 

ΔδT and ΔβT are negligible due to slow changes of Vm_v and Vm_p. Consequently, simulations of 

steady and transient state prove that the unified modulation is feasible to integrate the magnitude 

and phase regulations together. 

 

Considering the power distribution in electric vehicle with a moderate distribution range, an 

experimental prototype was implemented with the operating frequency of 25kHz. The circuit 

schematic of UPSM is shown in Fig. 3-10 that contains more components than symmetrical PSM, 

including four XOR gates, three operational amplifiers, two comparators and three AND gates. 

Three operational amplifiers implement different, non-inverting summing, and differentiator 

respectively with 5V power supply. LF353 is a dual operational amplifier with 4 MHz bandwidth 

operated at dual voltage mode. LM393 is a dual comparator operated at single voltage mode.  

The logic operation is accomplished by LOCMOS components, including HEF4013(dual D 

flip-flop), HEF4070(Quad 2-input XOR), HEF4081(Quad 2-input AND gate), and HEF4069(Hex 

Inverters). CMOS logic output is amplified by IR2113 to drive IRF530N. 
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Fig. 3-10. Circuit schematic of the unified PSM. 

 

A positive Vm_p generates the forward Sc, and a negative Vm_p generates the backward Sc. In Fig. 

3-11a, one of four pulses is viewed as forward Sc of leading bridge that has the fixed position with 

respect to the carrier signal. Similarly, the forward Sc of lagging bridge is shown in Fig. 3-11b, and 

the backward Sc of leading and lagging bridge are shown in Fig. 3-11c&d respectively. Therefore, 

phase correction signal Sc is retrieved by proposed logic circuit, regardless of operation bridges 

and compensation directions. 

  
(a)                                                      (b) 
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(c)                                                         (d) 

Fig. 3-11. Experimental waveforms of the phase modulation. (a) Correction pulse of leading bridge(Vm_p=0.8V). (b) Correction 

pulse of lagging bridge(Vm_p=0.8V). (c) Correction pulse of leading bridge(Vm_p=-0.8V). (d) Correction pulse of lagging 

bridge(Vm_p=-0.8V). 

 

Fig. 3-12a has a backward phase regulation caused by a positive Vm_p(0.5V). Similarly, Fig. 3-12b 

has a forward phase regulation caused by a negative Vm_p(-1V). It is therefore concluded that 

UPSM provides phase regulation with controlled quantity and direction. The magnitude regulation 

is also testified by Fig. 3-12 with two different Vm_v(2.5V, 3V). The full bridge output is the 

controlled quasi-square waveform with glitches in the intersection points of logic operation. These 

glitches can be filtered by snubber circuit and resonant tank afterwards. 

 

  
(a)                                                    (b) 

Fig. 3-12. Experimental waveforms of full bridge output. (a) Full bridge output comparison (Vm_p=0.5V, Vm_v=2.5V). (b) Full 

bridge output comparison (Vm_p=-1V, Vm_v=3V). 
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3.6.2  UPSM in parallel system 

Furthermore, a parallel prototype formed by two resonant inverters was established to evaluate the 

optimized synchronization against component tolerances. The control diagram as shown in Fig. 

3-13a is parallel LCLC resonant inverters with dual-control scheme. The nominal circuit 

parameters are 1) input voltage Vin=20V ±10%; 2) rated output peak voltage Vo_pk=40V; 3) rated 

output peak current Io_pk=3-7A (the load scope is 6 - 13 ); 4) rated operating frequency fs=25kHz; 

5) resonant tank(Ls1=110μH, Lp1=53μH, Cs1=1.2μF, Cp1=0.72μF, Ls2=100μH, Lp2=50μH, 

Cs2=1.1μF, Cp2=0.68μF). The phase error is detected by analog multiplier(AD633) with detection 

gain KD. The magnitude error is detected by low pass filter with detection gain KS, as well as the 

controllers of magnitude and phase in dual-control scheme are independent 

Proportional-Integral(PI) controllers denoted by Kv(s) and Kp(s) respectively. Km_v and Km_p are 

modulation ratios of magnitude and phase. Vev and Vep are errors of magnitude and phase. Vm_v and 

Vm_p are outputs of magnitude and phase controller. Because UPSM accomplishes magnitude and 

phase regulations separately, the control circuit schematic as shown in Fig. 3-13b is constituted by 

independent controllers, in which OA1 forms Kv(s), OA2 forms Kp(s), and high frequency 

reference is 25kHz sinusoidal waveform. The controller is obtained by the conventional 

small-signal based method, so it will not be discussed here. 

 

In order to implement phase control, the pulse phase sampling is the premise to retrieve the phase 

discrepancy between outputs and reference. There are two conventional phase sampling methods. 

The one is multiplier operation sampling; the other one is comparator operation sampling. 
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Compared with comparator operation method, the multiplier operation sampling is easy to be 

implemented by analog device due to no arithmetic operation. The voltage reference is 

sin( )r r rv V t    with amplitude Vr and phase angle φr. The output voltage is

sin( ( ))o o ov V t t   with amplitude Vo and phase angle φo(t). The phase angle φr is regarded as a 

constant, while the phase angle φo(t) is time-varying in transient state. According to the multiplier 

operation sampling, the reference and output signal are multiplied by an analogy multiplier,  

1( ) sin( ( )) sin( ) (sin( ( )) sin(2 ( ) ))
2ep o o r r o r r o o rv t V t t V t V V t t t                         (3-18) 

Its DC item 1 sin( ( )
2 o r r oV V t   linearized nearby zero operating point is related to the phase 

difference. Hence, the phase difference is derived by 

1( ) ( ( ), ( ) 0
2ep o r r o r oV t V V t when t                                     (3-19)  

Its AC item sin(2 ( )r ot t     can be filtered by low pass filter due to twice of the switching 

frequency. 
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(b) 

Fig. 3-13. Control diagram and circuit schematic. (a) control diagram of dual-control scheme in parallel resonant inverters. (b) 

circuit schematic of two controllers for single-stage resonant inverter. 

 

The parallel prototype is simulated by PSIM, and the simulation model is given in Appendix 2.3. 

The step load response is used to compare the symmetrical and unified modulation with nominal 

resonant parameters. A dynamic response is demonstrated in Fig. 3-14, in which a step load 

variation occurs at the time of 0.005s. The step load consists of load increases from 50% to 100% 

and load decreases from 100% to 50%. It can be observed from the Fig. 3-14a&c that the voltage 

output of parallel inverter has a phase deviation due to the parameter difference of resonant tanks. 

However, the phase deviation as shown in Fig. 3-14b&d is compensated by phase controller in 

unified modulation. The simulation results prove that the proposed scheme accomplishes the 

optimized synchronization that is significant for asymmetrical parallel system to accomplish 

averaging magnitude based CSC. 
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 (a)                                                (b) 

  

(c)                                             (d) 

Fig. 3-14. The dynamic-state simulation with nominal resonant parameters. (a) load decrease(100% to 50%) using symmetrical 

PSM with magnitude control. (b) load decrease(100% to 50%) using UPSM with dual-control.(c) load increase(50% to 100%) 

using symmetrical PSM with magnitude control. (d) load increase(50% to 100%) using UPSM with dual-control. 

 

The experiment is conducted by the same parallel prototype that is paralleled by two LCLC 

resonant inverters with the different parameter configurations in resonant tank and connection 

impedance. The steady-state outputs of parallel prototype are demonstrated in Fig. 3-15. 
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(a)                                                      (b) 

  
(c)                                                  (d) 

Fig. 3-15. The comparison of steady-state outputs. (a) inverter output in symmetrical PSM with magnitude 

control(Rc1=Rc2=500mΩ, Lc1=2μH, Lc2=0μH, Ls1=110μH, Lp1=53μH, Cs1=1.2μF, Cp1=0.72μF, Ls2=100μH, Lp2=50μH, Cs2=1.1μF, 

Cp2=0.68μF). (b) inverter output in UPSM with dual-control (Rc1=Rc2=500mΩ, Lc1=2μH, Lc2=0μH, Ls1=110μH, Lp1=53μH, 

Cs1=1.2μF, Cp1=0.72μF, Ls2=100μH, Lp2=50μH, Cs2=1.1μF, Cp2=0.68μF).(c) inverter output in symmetrical PSM with 

magnitude control(Rc1=Rc2=500mΩ, Lc1=0μH, Lc2=2μH, Ls1=100μH, Lp1=50μH, Cs1=1.1μF, Cp1=0.68μF, Ls2=110μH, Lp2=53μH, 

Cs2=1.2μF, Cp2=0.72μF).(d) inverter output in UPSM with dual-control (Rc1=Rc2=500mΩ, Lc1=0μH, Lc2=2μH, Ls1=100μH, 

Lp1=50μH, Cs1=1.1μF, Cp1=0.68μF, Ls2=110μH, Lp2=53μH, Cs2=1.2μF, Cp2=0.72μF). 

 

With the introduction of component tolerance, parallel outputs as shown in Fig. 3-15a&c have 

phase deviationξ that fails to be compensated by exclusive magnitude controller in symmetrical 

PSM. It can be found from Fig. 3-15b&d that the phase deviation ξ is perfectly compensated 
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forward and backward through UPSM. Therefore, the proposed scheme is superior to the 

symmetrical PSM due to an optimized synchronization in steady-state. 

  
(a)                                             (b) 

  
 (c)                                              (d) 

Fig. 3-16. The dynamic-state response with nominal resonant parameters. (a) load decrease(100% to 50%) using symmetrical 

PSM with magnitude control. (b) load decrease(100% to 50%) using UPSM with dual-control.(c) load increase(50% to 100%) 

using symmetrical PSM with magnitude control. (d) load increase(50% to 100%) using UPSM with dual-control. 

 

Dynamic experiments of step load are further conducted by parallel prototype. The waveforms as 

shown in Fig. 3-16a&c reveal the phase deviations (ξ1, ξ2, andξ3) in steady and dynamic states, 

which are prominent in symmetrical PSM with magnitude control. It is observed from Fig. 

3-16b&d that the phase difference in dynamic response is almost eliminated by UPSM with 

dual-control scheme. The experimental results agree with the simulation. On account of the 
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uncertainties from the component tolerance, control delay, driver delay, connection deviations and 

modulator randomness, the output characteristic of individual inverter is unique in parallel system. 

The synchronized phase is significant for different output characteristics to accomplish magnitude 

CSC. Finally, it is concluded from simulation and experiment that UPSM is superior over 

symmetrical PSM for resonant inverters in parallel connection. 

 

In addition to optimized synchronization, a controllable phase angle is also accomplished by 

UPSM. In phasor transformer based CSC, a controlled phase is indispensable for parallel system 

to achieve reactive current control. Therefore, the proposed PSM is easy for parallel single-stage 

resonant inverter to implement advanced CSC algorithm. On the other hand, compared with 

two-stage resonant inverter, the proposed modulation and control scheme achieve the same control 

capability in single-stage resonant inverter with the simpler power circuit, hence lower cost and 

higher efficiency are resulted. Meanwhile, single-stage resonant inverter can provide better 

dynamic performance than two-stage resonant inverter, so UPSM combined with single-stage 

resonant inverter would be an optimal implementation of high frequency power source. 

 

3.7 Summary 

It is complicated to implement output synchronization for HFAC power source formed by the 

parallel resonant inverters. In order to achieve a good load sharing and minimize circulation 

current, a unified modulation has been presented to simultaneously regulate magnitude and phase. 

The AC analysis of phase lag angle demonstrates the phase sensitivity to component tolerances 

and load conditions, thus the significance of phase controller is testified by phase sensitivity 
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analysis. The typical waveform in steady state demonstrates the feasibility of UPSM, as well as 

the operational scope of phase control is determined by ZVS and THD conditions. UPSM 

provides optimized synchronization via the combination of independent phase and magnitude 

control. It is an effective approach for parallel resonant inverter to eliminate the circulation 

current. 
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CHAPTER 4 

ROBUST CONTROL OF LCLC RESONANT INVERTER 

 

Considering the single stage resonant inverter with LCLC tank, a new μ-based controller is 

designed by μ synthesis that improves its robust tracking performance at the given perturbations 

[69]. The robust performance of proposed controller is theoretically evaluated by μ analysis. The 

corresponding evaluations among μ-based, and loop-shaping and H∞ controller are accomplished 

by PSIM simulation and experimental results. 

 

4.1 Controller evolution of resonant inverter 

High frequency resonant inverter with nearby 25kHz output can be considered as source inverter 

of EV inner electrical network, but the 25kHz resonant inverter used as power source of EV 

system has to confront more complicated design issues, such as (1) lower THD must be 

guaranteed to decrease distribution losses, (2) distributed loads lead to more dynamic load 

characteristics, (3) soft switching needs to be achieved over entire operation scope, (4) input 

voltage always varies over a large scope, (5) severe EMI generates larger complicated 

perturbations for EV. 

 

Owing to these existing issues, possible solutions have been studied in depth from circuit topology, 

modulation and control strategy. Firstly, an appropriate topology is critical to provide lower output 

THD and ZVS in a large operating scope[60]. As shown in Fig. 4-1, a single-stage resonant 

inverter formed by a full bridge switches(S1-S4), an LCLC resonant tank(Ls, Lp, Cs, Cp), an output 

transformer(T1) and a connection impedance(Rc, Lc) is selected as circuit topology of high 
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frequency power source. The switching network converts the DC voltage to quasi-square 

waveform. High-order resonant tank filters the harmonics and provides the zero voltage switching 

(ZVS) conditions. The circuit parameters are determined by lower output THD, larger load range, 

and less current stress. 

 

Fig. 4-1 Circuit schematic of LCLC resonant inverter for controller design. 

 

After the selection of circuit topology and component parameters, an appropriate controller is 

significant to accomplish better dynamic and steady performance. However, the control of 

resonant inverter is complicated because (1) The strong disturbance from load, input line and 

components tolerance make it difficult obtain better performance and stability. (2) The inaccuracy 

from the small-signal model leads to unreliable control ability[61-62]. DSP based microprocessor 

can implement relatively complicated control algorithm, however, the operation time grows 

exponentially along with the increase of controller order. The complex controller is inappropriate 

for high frequency circumstance because of the fast dynamics characteristics of resonant inverter. 

Moreover, sampling time and quantization error cannot be neglected by DSP based controller. 
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Compared with digital implementation, the circuit formed by analog devices can implement a 

relatively simple controller. Hence, a robust controller implemented by discrete devices is 

preferable to achieve the tradeoff of good control performance and fast dynamic response. 

 

Robust control theory is mainly used to obtain a controller that can maintain the better control 

performance under larger perturbations from inside or outside of control plant[63-65]. H∞ control 

as one of the robust controls has already been applied into power converter with the considerations 

of model inaccuracy, input/output perturbation and parameter uncertainties[66-68]. Considering 

possible uncertainties, suitable weight functions are selected to construct H∞ norm. The robustness 

and optimization of controller are achieved by norm calculation. An H∞ robust control combined 

with one cycle feed-forward loop has been presented for LCLC resonant inverter[56], but its 

tracking robustness cannot be satisfied at the given perturbations. H∞ norm only measures stability 

robustness with unstructed uncertainities, instead of performance robustness with structed 

uncertainities, so further study is required to provide better robust tracking performance. μ-based 

controller originally proposed by Doyle[69] is to evaluate system performance and robust level 

through structure singular value(μ), in which the perturbations are expressed by structured 

uncertainties. μ-based control has already been applied into power converter including DC/DC 

converter, UPS inverter and resonant converter[70-73]. However, μ framework has not been used 

to design controller for high frequency resonant inverter. Hence, it is meaningful for high 

frequency power source to be applied with μ-based control strategy with strong robustness. 
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4.2 Modeling of LCLC resonant inverter 

In view of the single-stage resonant inverter, the corresponding control diagram is presented with 

a simple voltage feedback controller, and small signal model of control plant is derived by an 

equivalent circuit. 

 

4.2.1  Control structure 

The possible control block of resonant inverter is shown in Fig. 4-2 that contains power converter, 

driver circuit, PSM, sampling network(LPF), and voltage feedback controller(Kv(s)). A new μ 

synthesis framework is presented with uncertainty considerations to devise μ-based voltage 

feedback controller Kv(s), and optimized robustness performance is achieved by it via structured 

singular value μ. 

inV

 

Fig. 4-2 Control diagram of LCLC resonant inverter. 

 

The nominal circuit parameter for μ-based controller design are 1) input voltage Vin=20V±10%; 2) 
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rated output peak voltage Vo_pk=40V; 3) rated output peak current Io_pk=3-7A (the load scope is 

6-13 ); 4) rated operating frequency fs=25kHz; 5) resonant tank, Ls=110μH, Lp=53μH, Cs=1.2μF, 

Cp=0.72μF. 

 

4.2.2  Mathematical model 

If the switches in LEGA and LEGB are ideal, the alternative operation produces quasi-square 

waveform(va) with amplitude Vin and frequency fs. Considering the controlled chopped waveform 

as input of the equivalent circuit, the LCLC resonant inverter as shown in Fig. 4-1 can be 

simplified into Fig. 4-3 that contains the resonant tank, transformer and equivalent load. The 

chopped voltage of full bridge switches(va) is connected with series-parallel resonant tank 

consisting of Ls, Lp, Cs, and Cp. The resonant tank should exhibit inductive impedance to 

accomplish ZVS of full bridge. The isolation of input and output side is accomplished by a high 

frequency transformer, in which the primary voltage is vp and secondary voltage is vs. The 

secondary side of transformer is connected with an equivalent load via connection impedance Rc 

and Lc. The nominal load is resistive load RL. Load change and nonlinear load characteristics are 

regarded as disturbance represented by additional current source(ig). The conduction resistance of 

the power switches and the parasitic resistance of the series-parallel resonant tank are neglected by 

the equivalent circuit. 

 

Because the switching frequency of resonant converter is comparable to the oscillatory frequency 

of the passive network, the small ripple assumption does not stand for the state-space averaged 

model method [56]. Thus, the traditional modeling based on state-space averaged method is 

invalid for resonant converter. Meanwhile, sampled-data modeling and phasor-averaging modeling 
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are quite complicated for resonant circuit, because the model order is twice of plant order in these 

two modelings. On account of high quality factor of resonant parameters to load, a simple 

modeling based on fundamental harmonic approximation can be adopted for controller design. 

pi

 

Fig. 4-3 Equivalent circuit of LCLC resonant inverter. 

 

After the fundamental component approximation, the mathematic model of resonant converter is 

derived by KVL and KCL, and small signal model is simplified by linearization of Taylor Series 

Expansion. State variables x consisting of vcs, vcp, iLs, iLp, and ic is constituted by the inductor 

currents and capacitor voltages. The input u of state equation is formed by input voltage vin and 

load current disturbance ig. The output y of state equation is output voltage vo. Hence, the state 

equation describing the dynamic behavior of the resonant inverter is 

x Ax Bu
y Cx Du
 
 


                                                             (4-1) 

The parameter vectors are 
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The coefficient matrixes are 
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 Setting the derivative item zero, the steady state is obtained at the nominal operating point 

1
o o

o o o

X A BU
Y CX DU

 
 

       , where “o” denotes the steady state value 

Furthermore, the linear small-signal model is derived at the nominal operating point through the 

introduction of small signal perturbation items. 

ˆ ˆ ˆˆ ˆ ˆ[ , , , , ]o cso cs cpo cp Lso Ls Lpo Lp co cx X x V v V v I i I i I i        , ˆˆ[ , ]o ino in go gu U u V v I i    

ˆ ˆ[ ]o o oy Y y V v    , ˆ
o     

where “^” are the perturbations and significantly less than steady state items, as well as the 

uppercase letters with o subscript are the steady state items at the nominal operating point. After 

the Taylor Series Expansion, the linear equations can be described by 

ˆˆ ˆ ˆ
ˆˆ ˆ ˆ

x Ax Bu E

y Cx Du F





  

  


                                                        (4-3) 
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Hence, the small signal output of resonant inverter is 

1 1
1 3 2

ˆ ˆˆˆ ˆ ˆ ˆ( ) ( ) ( ) ( ) ( ( ) ) ( ) ( ) ( ) ( ) ( ) ( ) ( )o o iny s v s C sI A E s C sI A B Du s T s i s T s v s T s s             (4-6) 

where T1(s) =
ˆ ( )
ˆ ( )
o

o

v s
i s

 is the small signal gain of output voltage to output current, T2(s)= ˆ ( )
ˆ( )
ov s

s
) is 

the small signal gain of output voltage to control pulse width, and T3(s)=
ˆ ( )
ˆ ( )

o

in

v s
v s

is the small signal 

gain of output voltage to input voltage. 

 

Because of nonlinear characteristics and exogenous disturbance, a small signal based 

mathematical model cannot completely describe the dynamic behaviors of control plant. The 

operating point could drift in low frequency domain, as well as unmodeling dynamics and 

exogenous disturbance can influence the dynamic characteristics in high frequency domain. Hence, 

the controller design based on small signal model cannot obtain the better control performance 

caused by the uncertainties and disturbances. The further design is required for the given resonant 
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inverter to obtain a robust controller. 

 

4.3 Robust control methodology 

μ control framework uses structure singular value μ to measure the robustness of a given control 

system. The stability and performance robustness can be evaluated by structure singular value 

simultaneously. Firstly, μ control framework is introduced theoretically, and the specific control 

framework of LCLC resonant inverter is studied afterward. 

 

4.3.1 μ-based control framework 

If the system perturbation is denoted by Δ that is the nth order block diagonal matrix as 

1 1 1{ [ ,..., , ,..., ]}: , j jm m
r s rs f i jdiag I I C C                         (4-7) 

where C is the complex set, s is the scalar number and f is the block number. 

If { : ( ) 1}Δ ΔB     , then ΔB is a bounded subset of Δ. With a complex matrix n nM C   and 

system perturbation described in (4-7), the structured singular value of M to the perturbation Δ is 

represented by 1( ) :
min{ ( ) : ,det( ) 0}

M
I M


 

    Δ
                       (4-8) 

 

The structured singular value( ( )M ) denotes the stabilization ability. Since the system 

robustness performance exists in ( )M , the controller robustness can be evaluated by ( )M  

via general framework as shown in Fig. 4-4a. μ analysis as shown in Fig. 4-4b can evaluate the 

robustness of a closed loop system. μ synthesis framework as shown in Fig. 4-4c provides a 

controller design method to guarantee robust stability and performance simultaneously. 



98 
 

( ) 0
0 ( )

U
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s
s

 
  

       (a)                       (b)                        (c)                            (d) 

Fig. 4-4 μ framework fundamentals. (a) general framework. (b) analysis framework. (c) synthesis framework. (d) augmented 

perturbation framework. 

 

When M is a stable transfer matrix, the robust stability condition of the interconnection system is

( ) 1M  , where || || 1  , and Δ represents model perturbation block. The robust performance 

is to study an augmented robust stability using an additional fictitious perturbation block(Δp) 

appended on model perturbation block(ΔU) as shown in Fig. 4-4d. The robust performance 

condition of the interconnection system is ( ) 1M  , where ,{ }U Pdiag    represents 

augmented model perturbation block constructed by || || 1U   , || || 1P   . 

 

It can be found that μ value is determined by the structure of M and Δ. The physical definition of μ 

value is the reciprocal of the smallest uncertainty size that makes the system enter into unstable 

state. If the system is stable within any uncertainties and disturbances, μ value is equal to zero at 

any operating conditions. Because M and Δ both are frequency based functions, μ value also 

varies at the different frequency domains. 

 



99 
 

4.3.2  Control framework construction 

A μ-based control Framework as shown in Fig. 4-5a is proposed for the LCLC resonant inverter to 

design and analyze a robust controller. The control block contains uncertainty weighting 

function(W1&W2), performance weight function(W3&W4), perturbation uncertainty block(Δ1&Δ2), 

and fictitious uncertainty block(Δp). Meanwhile, small signal gains(T1, T2, T3) defined by 

mathematic model are correspondingly introduced into this control framework. 

ê û d̂r̂

înv

ˆov

 
(a) 

1

2
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21 22

0 0 0
0 0 0
0 0
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p p

p p

 
  
  
 

   

êr̂ û d̂

r̂
înV

ˆov



 
 (b)  

Fig. 4-5. μ-based control framework of LCLC resonant inverter. (a) the proposed μ-based control framework. (b) the proposed 

μ-based control framework after structure adjustment. 
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After structures transform, μ-based control framework of resonant inverter can be converted to a 

better illustrative diagram as shown in Fig. 4-5b, in which the corresponding Δ block is brought 

out to construct the uncertainty block, and the remaining blocks are M block for robustness 

stability and performance analysis. M contains voltage feedback controller(Kv), plant model and 

weighting functions. Meanwhile, M can be divided into block N and controller(Kv) for robustness 

synthesis. 

According to Mason’s gain formula, the interconnection matrix N is 

1 1 2 1 3 1 2 1

2

1 3 2 3 3 3 3 2 3

1 2 3 2

0
0 0 0 0
0 0 0 0 0

1

pwm

pwm

pwm

pwm

TW T W T W K T W
K W

N
TW T W W T W K T W
T T T K T

  
 
 
 
 
 
   

                                   (4-9) 

With the introduction of the robust controller(Kv), interconnection matrix N is integrated with 

controller Kv using lower linear fractional transformation, and an M-Δ framework is derived to 

analyze the stability and performance at a given uncertainty block matrix(Δ). The lower linear 

fractional transformation is 11 121
11 12 22 21

21 22

( )v v

M M
M N N K I N K N

M M
  

     
 

, in which M11 is a 4×4 

matrix, M12 is a 4×1 matrix, M21 is a 1×4 matrix, and M22 is a 1×1 matrix. 

 

Considering the abovementioned structure framework, the corresponding definition of robust 

control is given as below, 

Nominal Stability(NS): without uncertainties(Δ=0), the controller of NS makes the closed loop 

system stable. In order to achieve NS, the poles of M11 should be located in the left hand side of 

s-plane. 
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Nominal Performance(NP): without uncertainties(Δ=0), the controller of NP makes the closed 

loop system stable and the specific control performance is achieved. 

Robust Stability(RS), with uncertainties(Δ≠0), the controller of RS makes the closed loop system 

stable. According to Small Gain Theorem, the condition of RS is that M11 and Δ(s) are stable, i.e., 

|| || 1   and 11|| || 1M  . 

Robust Performance(RP), with uncertainties(Δ≠0), the controller of RP makes the closed loop 

system stable and the specific control performance is achieved. 

 

4.4 Proposed controller design 

Based on μ control framework abovementioned, a μ-based controller is derived via predefined 

weights functions. The performance comparisons of μ-based and H∞ controller are accomplished 

by Matlab, including robust stability, nominal and robust performance. 

 

4.4.1  Performance weight analysis 

The performance weight functions W3 and W4 are predefined by output voltage regulation and 

control magnitude limitation. The weighting function(W3(s)) needs to satisfy  3 ( ) ( ) 1,W s S s    

to achieve a small sinusoidal tracking error. In the step tracking case, the performance weighing 

function is a low-pass filter that is used to shape the sensitivity function S(s). The selection 

rationale of sinusoidal tracking weight is similar to step tracking, so an internal model object is 

introduced to exhibit high gain nearby the output frequency. i.e., the effective frequency scope 

should have a large gain in this internal model object. Sinusoidal waveform with operation 

frequency(fs) of 25kHz is considered in the HFAC application under investigation, so a second 

order internal model block is selected as weighting function(W3(s)) that can provide high gain at 
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operation frequency of 25kHz. Namely,  

2

3 2 2( )
2

o

o o

W s
s s


 


 

                                                 (4-10) 

where 2 50000o sf    , ξ is design freedom degree that is used to achieve low steady error 

and prevent unacceptable gain. It can be found from Bode Plot of W3(s) that the frequency 

characteristic has a peak value at 25kHz, so W3(s) provides a small gain to sensitivity function and 

a small steady error nearby the 25kHz. The weighting function W4(s) is a small constant to prevent 

singularity and ensures the convergence of D-K iteration. Through the simulation verification, the 

suitable W4(s) is 0.001 that provides an acceptable convergence speed and accuracy. 

 

4.4.2  Uncertainty weight analysis 

In view of LCLC resonant inverter, the uncertainties of the dynamic plant come from the 

perturbations in the component tolerances, input line, load, and other parasitic parameters. These 

uncertainties comply with independent probability distribution over a given range. The plant 

uncertainties lead to model inaccuracy, operating point variation, control performance 

deterioration and stability absence. Traditional controller based on loop shaping does not take 

these perturbations into account properly, and H∞ robust controller has a conservative control 

performance caused by a simple analysis of unstructured uncertainties. Hence, an appropriated 

uncertainty analysis is significant for μ synthesis to derive a tradeoff of the controller performance 

and robustness at a given disturbance conditions. The uncertainty of LCLC resonant inverter is 

analyzed from three aspects which are input side, load side and parameter tolerance. 

 

1. The input line is a DC voltage specified in the scope between 90% and 110% of nominal 

value. The most effective approach against input line perturbation is one cycle control (OCC) 
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based feed-forward control[56]. Therefore, the design of voltage feedback controller(Kv) neglects 

the perturbation from input line. 

 

2. The perturbation from load side is complicated because of unknown and mutative load 

connected with high frequency resonant inverter. If RL varies within 6-20 , and LL varies within 

0-3mH. The amplitude of output voltage is affected by the resistive perturbation, while inductive 

impedance variation is ignorable in amplitude uncertainty analysis. The admittance form of 

resistive load is 

1
1(0.05 0.167) 0.1085 0.0585L oG G G                                     (4-11) 

1 0.0585W                                                             (4-12) 

Thus, W1 can be obtained as 0.0585 to keep Δ1 less than 1. 

 

3. The uncertainties of the passive components include the components tolerances from the 

resonant components(Ls, Lp, Cs, Cp) and connection components(Lc, Rc). We presume the practical 

capacitor and inductor have 10% tolerance with Gaussian probability distribution. Considering the 

output magnitude control of resonant inverter, the steady output is derived by 

4 ( ) sin
2o Rac inV G s V 


   
 

, where Vin is input DC voltage, δ is the pulse width of phase-shifted 

voltage, and GRac is the AC voltage gain of the resonant tank defined as, 

1

1 1

( ) p
Rac

s p

Z
G s

Z Z



,  1 1 1/ / / /p Lp Cp eZ Z Z Z , 1 1 1s Ls CsZ Z Z                   (4-13) 

Zp1 and Zs1 are the fundamental impedance of parallel and series branches respectively. When 

these parameters vary simultaneously, it is difficult to evaluate the magnitude variation from 

individual parameter viewpoint. Hence, a feasible approach handling component tolerance is to 
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use multiplicative input uncertainty as 2( ) ( )(1 ( ) ( ))oG s G s W s s   , where 2( )W s is the weight 

function from component tolerance, and || ( ) || 1s  . The small signal gain( 2

ˆ ( )
( ) ˆ( )

ov sT s
s

 ) is adopted 

to select a suitable uncertainty weighting function(W2) that should satisfy the following relations 

as
22 2| ( ) | max | ( ) |TW j T j  . Along with the variation of component parameters, the magnitude 

curves of T2(jω) vary within a limited scope, thus the curve cluster of T2(jω) are constituted by a 

group of frequency curves that is varied within a curve envelop. The magnitude curve of W2(jω) is 

the envelop of magnitude curves of T2(jω). According to Bode plot of T2(jω) as shown in Fig. 4-6, 

the weighting function(W2(s)) is resulted by 

2
15( 20 )( 0.05 )

( )
( 1.5 )( 0.1 )

o o

o o

s sW j
s s

 


 
 


 

                                        (4-14) 

 

Fig. 4-6 Relative uncertainty of T2(s) with parameter tolerance 

 

In a word, the abovementioned uncertainties can be divided into performance and parameter parts. 

The performance weight function to minimize the tracking error over the effective frequency 
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scope is considered as performance uncertainty. The perturbations from load and component 

tolerance construct parameter uncertainty. Therefore, the controller derived by μ framework is less 

conservative than the conventional H∞ robust controller. Meanwhile, the enhancement of μ 

framework is simple, because the further uncertainties are easy to be included into μ framework, 

such as parasitic parameters, switch discrepancy, and so on. 

 

4.4.3  μ-based controller 

Structured singular value( ( )M ) provides a unified framework to study robust stability and 

performance, however, μ value cannot be accurately derived by mathematical algorithms. D-K 

iteration proposed by Doyle accomplishes μ-based controller synthesis. After five iterations with 

third-order D-scalings, a 27th-order μ-based controller is derived by D-K iteration, and 

Hankel-norm approximation is used to further reduce controller order. The final 3rd order 

controller as below can be obtained to maintain the robust performance at the interested frequency 

scope 

5 2 10 12 5 5 2

_ 3 5 2 9 5 4

2.8 10 3.2 10 2.7 10 2.8 10 ( 1.13 10 )( 0.86 10 )( )
1.77 10 7.6 10 ( 1.05 10 )( 7.24 10 )v mu
s s s sK s

s s s s s s
         

 
              

   (4-15) 

D-K iteration is an approximation method to obtain the upper limit of μ value[65]. Specifically, 

search a stable controller and a scaling matrix D to make 1
max ( )DMD   minimize within 

D D [69]. i.e., 
1

max ( )inf
D D

DMD 


. The iteration method is summarized by (1) finding stable 

controller K with a fixed D(H∞ optimization problem); (2) finding a scaling matrix D with a fixed 

K(Convex optimization problem); (3) alternative iteration till an almost fixed μ value is obtained. 

 

With the introduction of predefined γ scope and error tolerance, an H∞ controller with 17th order is 

obtained by H∞ norm and Small Gain Theorem, as well as the controller order is further reduced 



106 
 

by Hankel-norm approximation. The performance comparisons of μ-based and H∞ controller are 

shown in Fig. 4-7. The detailed Matlab program is demonstrated in Appendix 1. 

  

(a)                                        (b) 

 

(c)  

Fig. 4-7 Performance comparisons of H∞ and μ-based controller. (a) μ analysis of H∞ controller. (b) μ analysis of μ-based 

controller. (c) The robust stability comparison of H∞ and μ-based controller. 

 

H∞ control guarantees both robust stability and nominal performance. However, it loses the 

tracking ability in a limited operating scope, because the robust performance curve is greater than 
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unity in the range of [ 5 0 0 0 , 5 0 0 0 0 ]  . In other words, H∞ robust controller leads to a larger 

output THD at the given perturbations due to terrible tracking performance. It can be seen from 

Fig. 4-7 that robust performance curve of μ-controller is less than unity in the entire frequency 

scope. The obtained μ-based controller achieves both the robust stability and robust performance 

in the frequency scope of [5 0 0 0 , 5 0 0 0 0 ]  . Thus, μ synthesis is an effective approach to derive a 

robust controller. 

 

4.5 Performance evaluation 

The prototype of simulation and experiment is a full-bridge LCLC resonant inverter with rated 

output power of 120W and operation frequency of 25kHz. 

 

4.5.1  Simulation verifications 

The plant is modeled and simulated by SimPowerSystem that is a toolbox of Simulink. The 

Simulink block diagram is given in Appendix. 3. The output dynamic response is shown in Fig. 

4-8a with step reference. When reference signal has a step change, the output vo increases from 27 

to 32 V within three output cycles. The change in the reference directly becomes the voltage errors 

to be sent into feedback controller, so a fast transient response is realized. The dynamic response 

against the input line disturbance is shown in Fig. 4-8b. When the input voltage has a step increase 

and decrease within 10% range, the output voltage vo needs five cycles to settle down. It is 

concluded that the independent voltage feedback control has a deferred transient response against 

input disturbance. The transient response against 50% load perturbation is demonstrated in Fig. 

4-8c&d with the different component parameters. The controller has a fast response against load 

perturbation, because the output error generated by load perturbation is compensated by controller 
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directly. The further transient response is depicted in Fig. 4-8e&f against 100% load perturbation. 

μ-based controller has almost 5 dynamic cycles against 100% load perturbation, which is longer 

than the dynamic response of 50% load perturbation. It can be observed from Fig. 4-8e&f that the 

overshoot and undershoot are approximately similar in both 50% and 100% load resposnse. 

Comparing the response in parameter configuration A and B, the dynamic performance of μ-based 

controller is acceptable within 10% parameter tolerances of inductor and capacitor. 

      

(a) 

 

(b) 
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(c) 

   

 (d) 

 

(e) 
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(f) 

Fig. 4-8 Dynamic response simulation against the perturbations from reference, input and load. (a) reference change. (b) input 

change. (c) load change from 50% to 100% back 50% in configuration A (Ls=116H, Lp=51H, Cs=1F, Cp=0.66F). (d) load 

change from 50% to 100% back 50% in configuration B (Ls=120H, Lp=44H, Cs=1.1F, Cp=0.72F). (e) load change from 0 

to 100% in configuration A. (f) load change from 0 to 100% in configuration B. 

 

4.5.2 Experiment verifications 

A simplified μ-based controller is implemented by LF353(OA1-4) that is a dual operational 

amplifier with 4 MHz bandwidth operated at dual voltage mode. The gate signal generated by 

UC3875 is magnified by gate driver IR2113 to drive IRF530N. 

 

Fig. 4-9 The implementation of μ-based controller(R1=6.2K, R2=6.2K, R3=56K, C1=0.22μF, C2=270pF, R4=20K, R5=20K, 

R6=9.1K, C3=1.5nF, R7=10K, R8=10K, R9=10K, R10=5.1K, R11=22k, R12=22K). 
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The implementation as shown in Fig. 4-9 is made up of single pole compensation network, single 

pole&zero compensation network, analog difference and impedance matching circuit. μ-based 

controller is decomposed into 1
1 2

1 2

(1 )

(1 ) 1

z

p p

sK
K

s ss



 




 

, and the component parameters are obtained 

by 6
1 1 1 2 2

1 1 2 3 1 3 2 4 6 3

1 1 1 1, , , ,
( ) z p p

R
K K

R C C R C R C R R C
      


. OA1 and OA2 form two 

compensation networks. The difference of compensation networks is accomplished by OA3, and 

impedance matching to UC3875 is implemented by OA4. The controller is simple and high 

bandwidth due to analogy amplifier circuit. It can be found from Fig. 4-9 that the output of 

μ-based controller actually is the difference of two compensation networks. The step-load 

experiment is used to compare the loop-shaping and μ controllers with the different resonant 

parameters. The loop-shaping controller in comparison of dynamic response is Type II as
5 2

_ 5

10 ( 6 10 )( )
( 2 10 )v PI

sK s
s s
  


 

, and the experimental results are shown in Fig. 4-10&4-11. 

   

(a)           (b) 
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(c)                (d) 

Fig. 4-10 Experimental waveforms of Type II controller with step load. (a) 100% to 50% load(6 to 12, Ls=110H, Lp=53H, 

Cs=1.2F, Cp=0.72F). (b) 50% load to 100% load(12 to 6,Ls=110H, Lp=53H, Cs=1.2F, Cp=0.72F). (c) 100% load to 

50% load(6 to 12, Ls=100H, Lp=50H, Cs=1.1F, Cp=0.68F). (d) 50% load to 100% load(12 to 6, Ls=100H, 

Lp=50H, Cs=1.1F, Cp=0.68F). 

 

The transient response of Type II feedback controller is shown in Fig. 4-10. Fig 4-10(a) and (b) 

use the same resonant parameter, whereas Fig 4-10(c) and (d) use another set. The step load 

applied to (a) and (b) is 100% to 50% and 50% to 100% respectively, and the same step load test 

is applied to (c) and (d). The transient state of step load needs three output cycles to settle down at 

the parameter configuration 1, however, the transient state is prolonged to six output cycles at the 

parameter configuration 2. The response time becomes more sluggish, and overshoot is more 

prominent in parameter configuration 2 than that in parameter configuration 1. 
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(a)                 (b) 

   

(c)          (d) 

Fig. 4-11 Experimental waveforms of μ-based controller with step load. (a) 100% load to 50% load(6 to 12, Ls=110H, 

Lp=53H, Cs=1.2F, Cp=0.72F). (b) 50% load to 100% load(12 to 6, Ls=110H, Lp=53H, Cs=1.2F, Cp=0.72F). (c) 100% 

load to 50% load(6 to 12, Ls=100H, Lp=50H, Cs=1.1F, Cp=0.68F). (d) 50% load to 100% load(12 to 6, Ls=100H, 

Lp=50H, Cs=1.1F, Cp=0.68F). 

 

The transient response of μ-based feedback controller is shown in Fig. 4-11. Fig 4-11(a) and (b) 

use the same resonant parameter, whereas Fig 4-11(c) and (d) use another set. The step load 

applied to (a) and (b) is 100% to 50% and 50% to 100% respectively, and the same step load test 

is applied to (c) and (d). It is found that the dynamic response is almost similar in both resonant 

parameter configurations. The transient period is close to three output cycles and overshoot is 
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almost similar in both configurations. 

  

(a)                 (b) 

   

(c)          (d) 

Fig. 4-12 Experimental waveforms of controller with step input. (a) 20V to 22V with Type II controller(Ls=110H, Lp=53H, 

Cs=1.2F, Cp=0.72F). (b) 20V to 22V with Type II controller(Ls=100H, Lp=50H, Cs=1.1F, Cp=0.68F) (c) 20V to 22V 

with μ-based controller(Ls=110H, Lp=53H, Cs=1.2F, Cp=0.72F). (d) 20V to 22V with μ-based controller(Ls=100H, 

Lp=50H, Cs=1.1F, Cp=0.68F). 

 

Further experimental comparisons as shown in Fig. 4-12 are accomplished to testify the parameter 

robustness against step input. Fig 4-11(a) and (b) are dynamic response of step input with type II 

feedback controller, whereas Fig 4-11(c) and (d) are dynamic response of step input with μ-based 

feedback controller. For Type II feedback controller, the transient state of step input is longer than 
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step load case, and four output cycles are required to settle down for the parameter configuration 1. 

However, the transient state is prolonged to six output cycles in parameter configuration 2, and the 

overshoot is also more prominent in parameter configuration 2. For μ-based feedback controller, 

the settling time is almost the same in both resonant parameter configurations. However the 

overshoot in Fig. 4-12d is larger than that in Fig. 4-12c, because the input disturbance is not 

regarded as structure uncertainties in proposed μ framework. 

 

Table 4-1: MEASURED THD of THREE CONTROLLERS 

                                                                                                                             

Load                     

Control algorithm 

Parameter configuration 1 Parameter configuration 2 

50% Load 100% Load 50% Load 100% Load 

μ-based controller(THD %) 1.8 2.5 1.8 2.6 

H∞ controller(THD %) 1.8 2.5 2.3 3 

Type II controller(THD %) 1.9 2.8 2.5 3.2 

Because the load variation is regarded as the structure uncertainty, output THD in load experiment 

is improved by μ-based controller. A separate experiment has been conducted for the comparison 

of THD performance using μ-based controller, H∞ controller and Type II controller. The settings 

are the same as the previous experiment, and results are shown in Table. 4-1. It is evident from 

Table.4-1 that the proposed μ-based controller achieves lower output THD than both H∞ controller 

and Type II controller over the entire load scope. Because of the exclusive magnitude control of 

output voltage in proposed controller, the sluggish responses are observed with the larger 

overshoot and undershoot. The current mode control or voltage feedforward OCC control can be 

introduced to decrease the overshoot and undershoot. 

 

Hence, it can be concluded from the simulation and experiment that the proposed μ-based 
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controller provides a better tracking robustness. The disturbances are analyzed by the predefined 

uncertainties, so the maximized tracking robustness is obtained by proposed μ synthesis 

framework at the given operating conditions. 

 

4.6 Summary 

A control framework is presented to design and analyze a robust controller for LCLC resonant 

inverter. The proposed framework contains the performance weights to limit the control error, and 

uncertainty weight to demonstrate the perturbations. The maximizing robust performance is 

achieved by predefined uncertainties, and a robust controller is accomplished by a systematic 

framework. Furthermore, μ analysis is adopted to testify the improvement of robust performance. 

It is therefore concluded from simulation and experiment that μ-based controller is superior over 

the classical controller. The proposed controller has a simple implementation caused by exclusive 

voltage feedback, and a fast dynamic response is possible due to broad bandwidth control. 
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CHAPTER 5 

MODIFIED IPOS TOPOLOGY AND CONTROL SCHEME 

 

Considering the HFAC applications with the long distribution distance, a modified IPOS topology 

is proposed to boost the output power with optimal synchronization, as well as a small signal 

based control scheme is presented to accomplish power sharing and magnitude control. A 

correlation control scheme is adopted to effectively suppress output harmonics and improve 

conversion efficiency within a large operating scope. The novel topology and control scheme can 

effectively propel high frequency power source into advanced applications, such as electric 

vehicle and renewable energy Microgrid. 

 

5.1 Introduction 

Resonant inverter in parallel connection is feasible for different load types to accomplish voltage 

variation and power control. The typical applications of parallel system are telecommunication or 

computer system with microprocessor load. Because high frequency power source is physically 

close to POL in telecommunication or computer system, the power losses caused by larger parallel 

current can be neglected in power distribution. However, the parallel resonant inverter is not the 

best choice to high frequency power distribution in renewable energy Microgrid and EV. 

 

In addition to large power capacity in Microgrid, EV application also requires large power 

capacity to meet the coming demand in more electric transportation. Meanwhile, HFAC based 

Microgrid operating at 400 Hz to 20kHz often transmits the power within a radial area of a 

couples of kilometers[74], as well as the modern luxury vehicles have more than two kilometers 
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wire in the harness, 2000 terminals and 350 connectors[75]. Long distribution line leads to more 

power losses, and needs thicker or high frequency multiple stranded wire to reduce heat loss and 

to handle power dissipation. IPOS connection is to connect input in parallel and connect output in 

series, which can effectively cut down distribution losses via increase in distribution voltage and 

decrease in distribution current. It is therefore a rational source topology for high frequency 

applications with relatively large output power and relatively long distribution distance. 

 

5.2 Modified IPOS topology 

As shown in Fig. 5-1, the power circuit is produced by connecting two modules in parallel at input 

sides and series at output sides. The two-module circuit is made up of input capacitors(Cin1, Cin2), 

frontend full-bridges(S1a, S1b, S1c, S1d, S2a, S2b, S2c, S2d), rectifiers and backend full-bridges(S1a’, 

S1b’, S1c’, S1d’, S2a’, S2b’, S2c’, S2d’). Lr1 and Lr2 are frontend resonant inductor; Cf1 and Cf2 are 

frontend filter capacitor; Vdc1 and Vdc2 are the frontend DC output; xfr1 and xfr2 are transformers 

with turns ratio of K. vsh1 and vsh2 are chopped voltage of backend full-bridge. In order to eliminate 

uncertainties from the component tolerances and connection deviations, a unified resonant tank(Ls, 

Lp, Cs, Cp) is adopted to replace the separated LCLC resonant circuit in individual module. Since 

the backend full-bridges are regulated by equal duty-cycle D(D=δ/180o), vsh1 and vsh2 are 

quasi-square waveforms with the nearly identical width. 
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Fig. 5-1. Proposed IPOS topology of interleaved power circuit. 

 

The constituent modules constructed by the interleaved power circuit is attributed to: (1) frontend 

DC control provides stable input for backend full-bridge; (2) system stability can be improved by 

the closed loop of frontend DC output [76], (3) the effective correlation control enables the 

interleaved power circuit operated at the optimal scope. (4) a wide range of input voltage is 

accepted and source utilization is maximized. Although the modified IPOS needs large size filter 

and complicated circuit structure, it becomes preferable due to outstanding synchronization and 

optimized harmonics. In order to cut down the cost, the frontend circuit can be simplified into 

half-bridge, or other low cost topologies. 

 

5.3 Novel control scheme 

It is a challenging task for multiple modules system to acquire the desirable control performance, 
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including stability, steady performance, dynamic performance, and energy balance[77-80], so an 

effective control scheme is necessary for the modified IPOS to realize power sharing and 

magnitude control. The structure diagram of control system is illustrated in Fig. 5-2a that contains 

the proposed IPOS power circuit, PSM, gate driver, LPF, and controllers(Gsh1(s), Gsh(s), Go(s), and 

Gc(s)). The controllers are correspondingly divided into frontend controller, backend controller, 

and correlation controller. Frontend controller contains Gsh1(s) and Gsh(s), in which Gsh(s) 

regulates magnitude of Vdc1 andVdc2, and Gsh1(s) control the sharing of the output power equally 

among the constituent modules. Backend controller Go(s) behaves as magnitude regulation of high 

frequency output voltage vo. Correlation controller Gc(s) operating between frontend and backend 

circuit accomplishes the harmonics suppression and efficiency improvement. 

 

To be more specific, x1 and x2 are outputs of Gsh1(s) and Gsh(s) respectively. x2+x1 and x2-x1 are the 

modulation signal of frontend full-bridges 1 and 2 respectively. vsh is the sum of vsh1 and vsh2 due to 

series connection of the backend full-bridge 1 and 2. d1 and d2 are the duty ratio of frontend 

full-bridges 1 and 2, as well as backend full-bridges adopt the same duty ratio D(D=δ/180o). Both 

frontend and backend circuits adopt the conventional PSM to regulate the amplitude. DC reference 

of frontend controller is defined by vdcr that is also the output of correlation control. The 

correlation control is constituted by closed loop between vm and vmr, in which vm is modulation 

signal of backend full-bridge and vmr is modulation reference. 
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Fig. 5-2. The diagram of modified IPOS system. (a). system structure diagram. (b). system control diagram 

 

The control diagram consisting of 2 modules system is further illustrated in Fig. 5-2b that is made 

up of the power and control parts as well. The control part as shown in the left hand side consists 

of frontend control, backend control and correlation control. The power part as shown in the right 

hand side is formed by frontend full-bridge, rectifier, backend full-bridge, and unified resonant 
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tank. kv is the sampling factor. vsh1f, vshf and vof are the feedback voltage of vsh1, vsh and vo. vref is 

magnitude reference of high frequency output voltage. 

 

5.4 Correlation control 

From the regulation relations of frontend and backend full-bridge, correlation control is presented 

to suppress output harmonics. Thus, the harmonic analysis is examined firstly, and correlation 

controller is derived from analysis results. 

 

5.4.1 Harmonics analysis 

The lower harmonic content is a key performance criterion for power source of high frequency 

application. The harmonics produce higher core and copper losses in the high frequency magnetic 

devices. The stress in current and voltage is increased in resonant components due to the harmonic 

losses. Moreover, the harmonics lead to distribution losses and EMI. It is significant for high 

frequency source to maintain the lower output harmonics within a large operating scope. The 

harmonics analysis based on circuit model is conducted for the modified IPOS topology. Because 

the output harmonics are mainly decided by backend circuit, the harmonic analysis model as 

shown in Fig. 5-3 is constituted by an LCLC resonant tank(Ls, Cs, Lp, Cp) with chopped voltage vsh. 

If d1=d2=d is presumed for frontend full-bridge, the frontend DC/DC conversion of two module 

system can be simplified to power source of 2dVin due to two modules connected in series. Thus, 

the equivalent input of harmonic model is 2dVin, and vsh is the chopped voltage of the equivalent 

input. The series connection of the 8 switches in two backend H-bridges can be represented by 4 

switches, Sa’, Sb’, Sc’, Sd’, due to the same duty-cycle D. 
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Fig. 5-3. Equivalent circuit model of harmonic analysis with two resonant modules  

 

Firstly, the tuning factors(ks, kp) of LCLC series-parallel resonant tank are defined as, 
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With complete resonance of unified LCLC tank, harmonic damping factor kf,m, (m=1, 2,…∞) is 
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where Zs,m and Zp,m are mth harmonic impedances of series and parallel branch, (m=1, 2,…∞). It 

can be found from (5-3) that kf,m is minimized in full load and maximized in open-circuit. Hence, 

the maximum THD of output voltage is derived by its definition. 
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where vsh,1 and vsh,m are the fundamental and mth harmonic of vsh respectively. Fourier 

decomposition of vsh is performed to obtain vsh,1 and vsh,m. 
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Thus, the relation curves of output THD to backend pulse-width δ are shown in Fig. 5-4a with 

different ks and kp. It can be found from Fig. 5-4a that the curves are roughly parallel to each other. 

The output harmonics are determined by backend pulse-width δ, and THD of output voltage is 

minimized at δ=120o. The root cause is the dominant 3rd harmonic is close to zero at δ=120o. 

 

The better filter performance is accomplished by 4th order LCLC resonant tank with high quality 

factor, so the fundamental component is the predominated content of voltage and current. After the 

fundamental harmonic approximation, Root-Mean-Square(RMS) gain of output to input is 

resulted in 
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Thus, the relation of frontend duty-cycle d to backend pulse-width δ is 
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where 180o D   , and 1 2d d d   

Considering the RMS gain of output to input with 1.4, the relation curves of d to δ are illustrated 

in Fig. 5-4b. 
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Fig. 5-4 Analysis curves of output harmonics. (a). Curves of output voltage THD versus backend pulse width δ. (b) Curves of 

frontend duty cycle d versus backend pulse width δ with the RMS gain of output to input at 1.4. 

 

It can be seen from Fig. 5-4b that the backend pulse-width δ is inversely proportional to frontend 

duty-cycle d. Because of the relationship of δ and d, output harmonics can be adjusted by both δ 

and d. Hence, an effective control scheme is addressed subsequently to simultaneously accomplish 

the regulations of both δ and d. 

 

5.4.2 Correlation control 

In proposed correlation control, both δ and d are simultaneously regulated to control the amplitude 

and compensate the perturbations. The operational scope of δ is limited by ZVS condition and 

short circuit avoidance of one bridge arm. The commonly used scope of δ is greater than 90o and 

less than 170o, which can be represented by δmin<δ<δmax, similarly, the operational scope of d is 

dmin<d<dmax. Assume Load_A and load_B to be the safety load range in order to allow =120 o for 

the backend inverter. These load values are obtained empirically and has also been calculated. 

Load_A is the load value with =120 o and d=dmin, whereas Load_B is the load value with =120 o 

and d=dmax. If we assume the rated load Rrated is the load condition with =o and d=do, the 

corresponding Load_A and Load_B are derived as below. 
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Correspondingly, the control strategy can divide the entire load scope into three regions, i.e., (1) 

when load≥load_B, d=dmax and δmin≤δ≤δmax; (2) when load_A< load< load_B, dmin<d<dmax and 

δ=120o; (3) when load≤load_A, d=dmin and δmin≤δ≤δmax. Fig. 5-5 demonstrates the control logic 

that can be implemented by the correlation controller as shown in (5-10). 
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vdcr is the frontend magnitude reference that is limited within the range of vdcr_min≤vdcr≤vdcr_max. 

Gc(s) is correlation controller, in which kp and ki are proportional and integral constants 

respectively. vm is modulation signal of backend full-bridge, and vmr is the predefined modulation 

reference that is vm with δ=120o. Namely, if Vpp =5V, vmr = 1205 3.33
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Fig. 5-5 Logic diagram of sectional control. 
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Considering vdcr_min≤vdcr≤vdcr_max, three operational regions can also be described by the operating 

scope of vdcr, i.e., (1) at the condition of load≥load_B, vdcr is restricted by vdcr_max and the load 

perturbation is regulated by δ variation; (2) at the condition of load_A<load<load_B, δ is kept at 

120o and load perturbation is regulated by vdcr variation; (3) at the condition of load≤load_A, vdcr 

is restricted by vdcr_min and the load perturbation is regulated by δ variation again. In other words, 

correlation controller enables vm close to vmr via closed loop of modulation signal, thus, δ=120o 

and the minimal output harmonics are maintained within the scope of load_A<load<load_B. 

Meanwhile, correlation controller optimizes ZVS feature to the modified IPOS topology, so the 

load scope of higher conversion efficiency is enlarged. 

min

max

 

 (a)                                         (b) 

Fig. 5-6 Load characteristics of correlation control. (a). Relation curve of δ to load. (b). Relation curve of output THD to load. 

 

The load characteristics are further illustrated in Fig. 5-6 to testify the superiority of correlation 

control. The relation of δ to load is demonstrated in Fig. 5-6a, in which solid and broken lines are 

curves of δ to load with or without correlation control respectively. When the circuit is operated 

without correlation control, the operational scope to δmin<δ<δmax is less than the scope of 

load_A≤load≤ load_B. When the circuit is operated with correlation control, the operational scope 

to δmin<δ<δmax becomes load_A’≤load≤ load_B’. Therefore, it is found from Fig. 5-6a that the 
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correlation control broadens the load scope of δmin<δ<δmax satisfying ZVS feature. The relation of 

output THD to load is demonstrated in Fig. 5-6b, in which solid and broken lines are curves of 

THD to load with or without correlation control respectively. It can be found from Fig. 5-6b that 

the output harmonics are cut down by correlation control within the range of load_A≤load≤ 

load_B. Considering the high frequency application in electric vehicle, the input line sourced by 

battery and fuel cell often varies over a wide range. Meanwhile, distributed load and multiple load 

interaction are abundant in electrical network of vehicle system. Thus, the interleaved circuit 

combining with the proposed correlation control is advisable for high frequency power source to 

achieve low output harmonics and high conversion efficiency. 

 

5.5 Plant modeling 

Considering the modified IPOS topology formed by the interleaved circuit, a small signal 

modeling is studied based on the equivalent circuit model, and the corresponding plant 

simplification is examined afterward. 

 

5.5.1 Small-signal modeling 

In addition to abovementioned harmonics suppression, the magnitude regulation and power 

sharing are significant operational tasks for the modified IPOS topology. A few advanced control 

algorithms were presented for resonant converters with the considerations of model inaccuracy, 

input/output perturbations and nonlinear characteristics [81-84]. However, most of them are 

complicated and time-consuming for high frequency power source. A rational and simple model is 

a premise to design a time-saving controller, but the small signal model cannot be directly derived 
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by state-space average method due to the violation of small ripple assumptions in resonant circuit 

[85]. An alternative to state-space average method is to construct the equivalent circuit of 

interleaved IPOS topology, in which the frontend duty cycle variations from filter current ifi and 

input voltage Vin are expressed by additional duty cycle terms as ˆ
cid  and ˆ

vid respectively 

[86-87]. 

4ˆ ˆr sf
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where i denotes the ith module. Frontend transformer can be neglected due to unity turns-ratio. 

Furthermore, the equivalent input current Ieqi (i=1,2) and equivalent duty cycle of secondary side 

dei(i=1,2) are defined as 
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respectively. Since Ieqi and dei are the terms at the nominal operating point, Ieq1=Ieq2=Ieq and 

de1=de2=de are satisfied with the given value. When these predefined parameters denoted by 

controlled sources are appended onto the equivalent circuit of Buck converter, the proposed IPOS 

can be modeled as shown in Fig. 5-7, in which “^” are the perturbations and significantly less than 

steady state items, as well as the uppercase letters are the steady items at the nominal operating 

point. 
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Fig. 5-7 Small signal equivalent circuit of the modified IPOS topology. 

 

If Ls, Cs, Lp, and Cp are tuned to be complete resonance, the series and parallel branches of unified 

resonant tank are viewed as short-circuit and open-circuit respectively. Hence, (5-14)-(5-16) can 

be derived by Kirchhoff’s voltage law(KVL) and Kirchhoff’s current law(KCL), 
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1 2ˆ ˆ ˆsh sh shv v v                                                           (5-16) 

It can be found that the derived plant is a first order system. If (5-11), (5-12) and (5-15) are 

substituted into the sum of (5-14.1) and (5-14.2), the derived equations can be further simplified as 
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To presume 1fC = 2fC = fC , înv =0, and ˆ
jd =0 ( j i ), the gain of output ˆshv  to duty cycle îd

(i=1, 2) is deduced to 
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Put (5-11), (5-12), (5-15.1) and (5-15.2) into the difference of (5-14.2) and (5-14.1), the simplified 
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difference is 
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                                 (5-19) 
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2 vodB s G s A s  , the relations of ˆshjv (j =1,2) to îd (i=1,2) 

can be described by 
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                       (5-20) 

W is the coupling matrix. The diagonal items of W are the gain of îd  to ˆshiv , and the other items 

apart from the diagonal items are the gain of îd  to ˆshjv (i≠j).  

 

5.5.2 Plant simplification 

From the structure diagram in Fig. 5-2b, the relations of îd (i=1,2) to ˆ jx (j=1,2) are 

1 1 2 1 1

22 2 1 2

ˆ ˆˆ ˆ( ) / ˆ1 11
ˆ ˆ ˆ1 1ˆ ˆ( ) /

pp

pppp

d x x V d x
xVd x x V d

                     
                        (5-21) 

Substituting (5-21) into (5-20), the relations of ˆshjv (j=1,2) to îx (i=1,2) are 

1
1

2
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                 (5-22) 

Converting (5-22) to control diagram, two-module system can be illustrated in Fig. 5-8a. The 

input of voltage sharing control loop(x2 and vshf) is the intermediate variable of frontend magnitude 

loop, thus, the two-module system as shown in Fig. 5-2b is a control plant with coupling relation 

between voltage sharing loop and frontend magnitude loop. After replacing ˆshfv and 2x̂  with ˆdcrv , 

the control diagram as shown in Fig.5-8a can be decomposed into the separated control loops 

denoted by dashed boxes in Fig. 5-8b. 
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ŝhfv
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(a)                                            (b) 

Fig. 5-8 Control diagram. (a). Control diagram of modified IPOS system. (b). Simplified control diagram of modified IPOS 

system. 

 

M and N are control blocks introduced by plant simplification. 
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                                        (5-23) 

As shown in Fig. 5-8b, each dashed box represents a self-contained module that is operated in a 

stand-alone mode and is decoupled from each other. The dashed box at the upper part is voltage 

sharing loop, the dashed box in the middle is frontend magnitude loop, and the dashed box at the 

bottom part is backend magnitude loop. These independent control loops can be used for loop gain 

analysis via frequency characteristics curves. 

 

5.6 Performance evaluation 

The performance is evaluated by PSIM simulation and experimental measurement. The results of 
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step reference, step load and step input are demonstrated to testify the effectiveness of power 

sharing and amplitude control. The correlation controller is further compared with the scheme 

without correlation compensation. It can be seen from the comparison curves that the correlation 

controller has the outstanding superiority, including efficiency and harmonics. 

 

5.6.1 Controller analysis 

Two-module prototype is adopted by simulation and experiment with output power of 120W and 

output frequency of 25kHz. Circuit specifications and component parameters of two-module 

prototype are shown in Table 5-1. 

 

TABLE 5-1. SPECIFICATIONS AND COMPONENT PARAMETERS OF EVALUATION PROTOTYPE 

Input voltage(Vin) 20V±10% 

HFAC output voltage(Vo_pk) 40V with 25kHz 

Switching frequency fsb=25kHz , fsf=50kHz 

HFAC output current(Io_pk) 3-7A 

Filter capacitor(Cfi) Cf1=47μF, Cf2=68μF 

Resonant inductor(Lri) Lr1=Lr2=2.2μH 

Unified resonant tank Ls=110μH, Cs=1.2μF 

Lp=53μH, Cp=0.7μF 

Sampling network Rf=300Ω, Cf=1μF 

Rectifier diode MUR1620CTG 

MosFet IRF530N 

Four critical performances are considered for controller evaluation, i.e., stability, stable 

characteristics, dynamic characteristics, and robustness. From the viewpoint of frequency 

characteristics, the stability is decided by magnitude and phase margin of loop gain, the stable 

error is determined by low frequency gain of frequency characteristics, dynamic error is decided 

by band width of loop gain, and robustness is determined by high frequency gain of frequency 

characteristics. Hence, the corresponding controllers can be derived by loop shaping, 
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5.6.2 Simulation verifications 

The simulation results of PSIM are shown in Fig. 5-9, and the simulation model is given in 

Appendix 2.4. The dynamic response of step reference is shown in Fig. 5-9a. When vref is changed 

from 4V to 5V at the position of 0.002s, the output voltage is changed from 40V to 50V within 1 

cycle. The dynamic response against the input line disturbance is shown in Fig. 5-9b, and 10% 

input variation is taken into account at the position of 0.002s and 0.003s. When the input voltage 

has a step decrease from 22V to 19V and then a step increase from 19V to 22V at t=0.002 and 

t=0.003s respectively, the output voltage vo settles to new steady state quickly with low overshoot. 

Because input disturbance is observed by the variation of vsh and vsh1, frontend magnitude 

controller Gsh(s) implemented by the feedback of vsh can resists the input perturbation beforehand. 

The dynamic response against load perturbation is demonstrated in Fig. 5-9c, and 50% load 

variation is taken into account at the position of 0.002s and 0.003s. Because the load perturbation 

is observed by the variation of vo and compensated by backend magnitude controller Go(s), 

dynamic response settles down within three cycles. In order to verify the effectiveness of the 

power sharing in the presence of the frontend parameter mismatches, the filter capacitor Cfi of the 

two constituent modules are purposely designed to be different with 47μF and 68μF respectively. 

It can be observed that vsh1 is the half of the vsh in step responses of reference, input and load. 

Since vsh is the sum of vsh1 and vsh2, vsh1 is nearly equal to vsh2 in both steady and dynamic states. 
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Hence, output voltage sharing is also achieved by voltage sharing controller Gsh1(s). 

 
(a) 

 
 (b) 

 
 (c) 

Fig. 5-9 Simulation results of dynamic response(Cf1=47μF, Cf2=68μF). (a). Dynamic response of step reference. (b). Dynamic 

response of step input from 22V to 19V then 22V. (c). Dynamic response of step load from 50% to 100% then 50% load. 
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Similarly, it can be also found from the current waveforms that the input current of constituting 

modules has an even sharing in both steady and transient state. Consequently, the simulation 

results prove that the control scheme provide the good performance for the modified IPOS 

topology, including amplitude control and power sharing. 

 

5.6.3 Experiment verifications 

Experimental evaluation is accomplished by the two-module prototype also. The controller 

schematic as shown in Fig. 5-10 is made up of LF353 that is a dual operational amplifier(OA) 

with 4 MHz bandwidth operated dual voltage mode. A voltage follower formed by the error 

amplifier of UC3875 regulates phase-shift angle via the comparison of amplifier output to ramp 

carrier. TTL logic magnified by IR2113 generates gate drivers of IRF530N. OA1-OA4 construct 

the corresponding controllers, in which OA1 forms Gsh1(s), OA2 forms Gsh(s), OA3 forms Go(s), 

and OA4 forms Gc(s). OA5-OA8 construct the summing and inverting circuit, in which OA6 and 

OA7 form summing circuit, as well as OA5 and OA8 form inverting circuit. 
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Fig. 5-10 Circuit schematic of controllers(R1=1k, R13=51k, C1=15nF, R5=1k, R14=91k, C2=1.2nF, R31=27k, R33=33k, 

C3=4700pF, C4=220pF, R34=10k, R35=27k, C9=1nF). 

 

The experimental results are demonstrated in Fig. 5-11 with step input and step load. The 

waveforms of load changed from 100% to 50% are shown in Fig. 5-11a&c, and the waveforms of 

load changed from 50% to 100% are shown in Fig. 5-11b&d. The load is changed at the sixth 

cycle, and the filter capacitors Cfi of the two constituent modules are 47μF and 68μF respectively. 

The input current decreases along with the decreasing load current, while input current increases 

along with the increasing load current. Because waveforms of input current are close to each other 

in both steady and transient states, an input current sharing is achieved by sharing control of 

Gsh1(s). It can be observed from Fig. 5-11c&d that the output voltage settles down within three 

cycles due to magnitude controllers(Gsh(s)&Go(s)). 
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 (a)                                         (b) 

     
 (c)                                          (d) 

   
 (e)                                         (f) 
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(g)                                        (h) 

Fig. 5-11 Dynamic experiment (Cf1=47μF, Cf2=68μF). (a). Dynamic voltage sharing(load, 6Ω to 12Ω). (b). Dynamic voltage 

sharing(load, 12Ω to 6Ω). (c). Dynamic magnitude control(load, 6Ω to 12Ω). (d). Dynamic magnitude control(load, 12Ω to 6Ω). 

(e). Dynamic voltage sharing(Vin, 19V to 22V). (f). Dynamic voltage sharing(Vin, 22V to 19V). (g). Dynamic magnitude 

control(Vin, 19V to 22V). (h). Dynamic magnitude control(Vin, 22V to 19V). 

 

The waveforms of step input from 19V to 22V are shown in Fig. 5-11e&g, and the waveforms of 

step input from 22V to 19V are shown in Fig. 5-11f&h. The input is changed at the thirteenth 

cycle. The input current decreases along with the increasing input, while input current increases 

along with the decreasing input. Because waveforms of input current are close to each other in 

both steady and transient states, an input current sharing is achieved by sharing control of Gsh1(s). 

It can be observed from Fig. 11g&h that the output voltage settles down quickly due to magnitude 

controllers(Gsh(s)&Go(s)). Hence, the experimental results are accorded with simulation. 

 

The harmonics suppression and efficiency improvement are also evaluated by experimental 

prototype with nominal parameters. THD and efficiency as shown in Fig. 5-12 demonstrate the 

superiority of correlation controller Gc(s). It is seen from Fig. 5-12a that output THD without 

correlation control is greater than that with correlation control over the operating range from 35W 
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to 120W. Meanwhile, it is found from Fig. 5-12b that the circuit efficiency is improved by 

correlation control at the light and full loads. When load is lower than 50W, the conversion 

efficiency without correlation control is decreased sharply. The root cause of declining efficiency 

is ZVS absence at the load condition lower than 50W. Consequently, the conversion efficiency is 

increased and operational scope of ZVS feature is enlarged by the correlation control. 

   
 (a)                                             (b) 

Fig. 5-12 Load experiments with/without correlation control. (a). Measured THD versus output power. (b). Measured efficiency 

versus output power. 

 

It is therefore concluded that the proposed control scheme not only implements power sharing and 

magnitude control, but also suppresses harmonics and improve efficiency. In view of the power 

level of each module, the output power is evenly allocated to every module through a triple loop 

controller implemented by analogy discrete devices. If the power level of individual module is not 

identical, the unevenly power sharing needs further study for modified IPOS topology. 

 

5.7 Summary 

A modified IPOS topology is proposed to increase power capacity of high frequency power source. 
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Output synchronization is enhanced by the modified IPOS topology, as well as distribution losses 

are reduced via power distribution of high-voltage and low-current. A small signal based 

frequency analysis is studied for the proposed topology, as well as a novel control scheme is 

presented to accomplish magnitude control and power sharing. Considering relations of frontend 

and backend circuits, the correlation controller is proposed for harmonics suppression and 

efficiency improvement over a wide operating scope. It can be found from simulation and 

experiment that the proposed topology and control scheme are effective for some high frequency 

applications, such as auxiliary electrical network of electric vehicle and renewable energy 

Microgrid. 
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CHAPTER 6 

DISCUSSIONS AND CONCLUSIONS 

 

The advancements from the different electric application, such as spacecraft, semiconductor 

industry, EV and Microgrid, impose the higher requirements for power distribution. HFAC PDS 

was presented to be served as a possible alternative to the traditional DC or low frequency AC 

distribution system. It can be found from the comparison and examination that merits of high 

frequency distribution are distinguished with the inevitable high frequency shortcomings. Some 

disadvantages have been studied in this thesis, and some others need further study. In this thesis, 

we deeply examined the suitable enhancements from circuitry topology, modulation method, 

advanced control algorithm, and system integration. The most suitable topology and control 

solutaion is examined for the HFAC power source, and the aim is to propel high frequency system 

into the power applications with large power capacity and long distance distribution. 

 

6.1 Contributions of the dissertation 

This thesis consisting of six chapters studied the high frequency power source from two 

commonly-used topologies. One is the multilevel inverter based on cascaded H-bridge that is 

examined in Chapter 2; the other one is the resonant inverter with the different connections and 

control that are examined in Chapter 3, 4, and 5. The structural diagram of the research work 

performed is demonstrated in Fig. 6-1. 
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Fig. 6-1 Structural diagram of research work performed. 

 

On the one hand, a switched-capacitor based cascaded multilevel inverter is presented with high 

frequency output, low output harmonics, and large power capacity. Meanwhile, a symmetrical 

phase-shifted modulation is adopted to cooperate with the proposed multilevel inverter. On the 

other hand, a unified PSM is proposed to integrate the regulations of magnitude and phase, so the 

output synchronization is optimized in parallel resonant inverters. A μ-based controller is designed 

for single stage resonant inverter, so a robust performance is achieved by μ-based controller. A 

modified IPOS topology and corresponding control scheme are presented to eliminate circulating 

current, so an effective power expansion is implemented for resonant inverter. 

 

In addition to these outstanding advantages, the disadvantages and limitations also exist for the 

proposed topology and control scheme. Therefore, the benchmark comparsions of the possible 

topologies are further tabulated in Table 6-1 as high frequency power source. The objects in 

comparisons contain H-bridge with sinusoidal PWM(Pulse Width Modulation) control, resonant 
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inverter, diode clamped multilevel inverter with multlicarrier PWM(Pulse Width Modulation), 

Cascade H-bridge with SHE(Selective Harmonics Elimination), Cascade H-bridge with 

multicarrier PWM(Pulse Width Modulation), and SC based Multilevel inverter with symmetrical 

PSM(Phase-shifited Modulation). 

 

TABLE 6-1 BENCHMARK COMPARISONS OF PROPOSED INVERTER AND OTHER COUNTERPARTS 

Note: output frequency fo=25kHz 

  

Carrier 

frequency

(fs) 

Nubmer of 

switching 

device 

Number of other 

components 
Size Cost Losses Existing issues 

H-bridge with 

SPWM 
(20-50) fo few low pass filter small low 

large 

switching 

losses 

low efficiency 

Resonant 

inverter 

(Chapter 3-5) 

fo few resonant tank small low ZVS/ZCS 

complicated 

implementation 

and parallel 

issue 

Diode clampe 

multilevel with 

mutlicarrier 

PWM 

(20-50) fo mass 
low pass filter 

+diode 
large high 

large 

switching 

losses+ 

diode 

Losses 

high cost, large 

size and low 

efficiency 

Cascade 

H-bridge with 

SHE 

fo mass low pass filter large high 

large 

switching 

losses 

high cost, large 

size and 

moderate 

efficiency 

Cascade 

H-bridge with 

multicarrier 

PWM 

(20-50) fo mass low pass filter large high 

large 

switching 

losses 

high cost, large 

size and low 

efficiency 

SC based 

Multilevel 

inverter with 

symmetrical 

PSM 

(Chapter 2) 

fo few 
low pass filter 

+capacitor 
large low 

switching 

losses+ 

capacitor 

losses 

moderate 

efficiency 
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The resonant inverter has the highest conversion efficiency comparing with the other counterparts. 

However, the hardest part is to increase output power for resonant inverter. In addition to the 

magnitude deviation, the phase difference also generates the large circulating current and 

significantly decreases the efficiency for parallel resonant inverters. Hence, the resonant inverter 

with series or parallel connection becomes more suitable for small and moderate power level. 

Multilevel inverter is a good alternative to resonant inverter for large power application. Four 

multilevel inverters are compared in Table 6-1 with different modulation method. Since the 

switching frequency in multicarrier PWM is 20-50 times of output frequency, the traditional 

multicarrier PWM is not a good choice for sinusoidal voltage with the higher output frequency. 

SHE modulation and symmetrical PSM are the good modulation methods for high frequency 

multilevel inverter. The issues confronted by multilevel inverter contain large size, high cost and 

mass switching devices. SC based multilevel inverter cuts down the count of switching devices 

and the cost of power circuit. However, the large size is still not solved. It can be concluded from 

the Table 6-1 that a tradeoff among the size, cost, power grade, and efficiency is required for high 

frequency power source to accommodate with the different applications. 

 

6.2 Novelty and achievements of this research work 

The novelty and achievements of this thesis contain the following items mainly corresponding to 

Chapters 2, 3, 4 and 5, respectively. 

 

1. A novel SC based multilevel inverter has been proposed to serve as high frequency power 

source. Both 9-level and 13-level circuit topology are examined in depth. Compared with 
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conventional cascaded H-bridge inverter, the novel multilevel inverter has demonstrated that 

the number increase of voltage levels use fewer components. For examples, the number of 

voltage levels increases twice in half period of novel 9-level circuit, and the number of 

voltage levels increases three times in half period of novel 13-level circuit. The method of 

analysis and design are also applicable to other members of the novel inverter. 

 

2. The single carrier modulation named by symmetrical PSM has been adopted due to reduction 

of switching frequency and ease of implementation. The symmetric of modulation method has 

been retained by symmetrical PSM, so the higher number of voltage levels is easy to be 

accomplished by simple output superposition of individual multilevel inverters. 

 

3. It has been complicated to implement output voltage synchronization for high frequency 

power source formed by the resonant inverter in parallel connection. In order to achieve a 

good load sharing and minimize circulation current, a unified PSM has been presented to 

simultaneously regulate magnitude and phase. 

 

4. The corresponding phase sampling method based on multiplier operation has been addressed, 

as well as the dual control scheme is implemented by unified PSM and phase sampling 

operation. It is an effective approach for parallel resonant inverters to provide optimal 

synchronization performance and eliminate the circulation current. 

 

5. A μ synthesis framework has been presented for LCLC resonant inverter to design a robust 



147 
 

controller. The performance weights are adopted to limit the control error, and uncertainty 

weights are adopted to demonstrate the perturbations. The maximizing robust tracking 

performance is achieved by predefined uncertainties and systematic framework. 

 

6. A μ analysis is addressed to testify the improvement of robust performance. It is concluded 

from μ analysis results that μ-based controller is superior over the classical and H∞ robust 

controller. 

 

7. A modified IPOS topology is proposed for resonant inverters to increase power capacity of 

high frequency power source. A two-stage resonant circuit formed by frontend and backend 

full-bridge is adopted to construct IPOS topology. Output synchronization is improved by 

modified IPOS topology, as well as distribution losses are reduced via power output of 

high-voltage and low-current. 

 

8. Based on small signal based frequency analysis, a novel control scheme is presented to 

accomplish magnitude control and power sharing in the modified IPOS topology formed by 

interleaved power circuits. In addition to the output voltage sharing, the proposed control 

scheme also achieves the input current sharing. Thus, the output power is evenly allocated to 

every module through the novel control algorithm. Meanwhile, the controlled magnitude of 

sinusoidal output is accomplished by phase-shifted angle regulations of frontend and backend 

full-bridge. 
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9. In addition to the power sharing and magnitude control, it is significant for control scheme to 

maintain the lower output harmonics over a large operating scope. Considering relations 

between frontend and backend circuit, a correlation controller is proposed to suppress output 

harmonics. 

 

The thesis has analyzed the high frequency power distribution from source side, and the 

corresponding investigations are conducted from circuit topology, modulation method, advanced 

control strategy and system integration. The aim of our findings is to construct a high frequency 

AC network for local power distribution applications that has been studied by our team for many 

years. By virtue of the existing studies, a small scale high frequency distribution system is ready 

installed for local network to feed electrical devices and appliances. 

 

6.3 Suggestions for further research 

Although HFAC PDS exhibits its advantages in many aspects, research work of HFAC PDS is 

much less than its DC counterpart. More investigations and studies are required to propel its 

application and merge the gap between the lab prototypes with industry products. According to 

abovementioned investigations, the following aspect is also significant for further research: 

 

1. The exclusive DC/AC conversion has been examined in this thesis. Actually, some high 

frequency applications need retrieve the power from utility system. Hence, the power conversion 

from low frequency AC to high frequency AC needs further study in the future. Furthermore, if 

AC/DC power conversion is viewed as the preceding stage of DC/AC power conversion, the novel 
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circuit topologies named with single phase PFC can be adopted to integrate AC/DC power 

conversion with PFC functionality. Hence, the further study is interesting for single phase PFC to 

cut down cost and increase efficiency. 

 

2. The controller in this thesis is implemented by analog op-amp circuitry, so a good transient and 

steady performance is obtained in high frequency circumstance. Along with the advancement of 

digital signal processing, some advanced control algorithm can be introduced into high frequency 

system via DSP. Hence, better control performance can be achieved by digital controller. 

Moreover, DSP based controller is able to communicate over the HFAC distribution line, so 

intelligent management can be accomplished for HFAC PDS. The digital control and intelligent 

management needs further study[88-89]. 

 

3. The advanced control algorithms of high frequency resonant inverter need further study, such as 

high order sliding mode control, passivity control, boundary control, internal model control, and 

etc,. For instance, nonlinear sliding mode controller(SMC) can guarantee robustness of the control 

system, and the voltage regulation of SMC has better capability to resist large signal disturbance. 

Through presetting sliding plane, SMC can effectively handle model inaccuracy, perturbations 

from line and load, as well as parameter uncertainties. 

 

4. For high efficiency distribution system, it is also significant to design an effective strategy of 

using power converter. Load side power converter serves to convert the bus power to a specific 

voltage and frequency, which can be regarded as an intermediate power interface between the 
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HFAC power bus and load unit. A complete discussion of load side conversion needs further study, 

and an appropriate load conversion topology can cut down the current distortion in the distribution 

bus. An effective load power conversion is an important part to design and implement a high 

efficiency power distribution system. 

 

5. From transmission track perspective, cable compensation and automatic identification of high 

frequency distribution losses need further study. Actually, cable compensation is significant for 

HFAC distribution, because of the great distribution losses from skin and proximity effect. 

Although the high frequency output is high quality sinusoidal waveform in source side, the 

unknown load size and mutable load type generate unwanted waveform distortion in transmission 

track. Hence, the compensations of cable voltage are indispensable and significant, especially in 

the cases with long distance distribution. In order to compensate the cable voltage drop, the high 

frequency losses need to be automatically identified beforehand. The intelligent identification 

algorithm needs further study to automatically distinguish the type and size of power losses. 

 

6. A system level simulation and implementation constructed by multiple of high frequency 

sources, a long transmission track and a number of distributed loads need further investigation in 

system integration and optimization. The complicated disturbance and multiple factors exist in 

HFAC power distribution, and a systematic model is required to accomplish the simulation 

evaluation and experimental prototype. 

 

7. The safety is the last but not least for HFAC distribution system. Although high frequency 
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system is safer than its DC counterpart, the protection devices are still indispensable for power 

circuit, such as the breaker and residual current device(RCD). Considering the high frequency 

characteristics, the design and implementation of protection devices need further study and 

development. 
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APPENDICES 

Appendix 1 Matlab program 

1.1 Matlab program of μ based control 

gs_tf.m 

muu=1/1000000; naa=muu/1000; pii=naa/1000; 

omega=logspace(3,6,300); 

  

fs=25000; Tsw=1/fs; omega0=2*pi*fs; 

  

%if nargin==0, 

    Vi=20; V0=40; R=6; N=1; ks=0.95; kp=1.1; 

    Ls=110*muu; Lp=53*muu; 

%end 

  

Cs=1./Ls./(ks*omega0).^2;   Cp=1./Lp./(kp*omega0).^2; 

  

Lk=0.2*muu; Rk=0.1; Xe=0; PF=1; 

Re=N^2*R; 

delta=deltas(omega0,Ls,Cs,Lp,Cp,R,PF,V0,Vi,N); 

  

A=[0 0 1/Cs 0 0; 

    0 0 1/Cp -1/Cp -1/Cp; 

    -1/Ls -1/Ls 0 0 0; 

    0 1/Lp 0 0 0; 

    0 1/Lk 0 0 -(Rk+Re)/Lk]; 

B=[0 0;0 0;4*sin(pi*delta/2)/pi/Ls/N 0;0 0;0 Re/Lk]; 

E=[0;0;2*Vi*cos(pi*delta/2)/pi/Ls/N;0;0]; 

C=[0 0 0 0 Re]; 

D=[0 -Re]; 

F=[0]; 

  

  

G1=ss(A,B,C,D) 

G2=ss(A,E,C,F) 

  

G3=tf(G1) 

G4=tf(G2) 

 

gmodel.m 

systemnames='kpwm T1 T2 T3 W1 W2 W3 W4'; 

inputvar='[w1;w2;r;vin;u]'; 
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outputvar='[W1;W2;W4;W3;r-T1+T2+T3]'; 

input_to_kpwm='[u]'; 

input_to_T1='[w1]'; 

input_to_T2='[w2+kpwm]'; 

input_to_T3='[vin]'; 

input_to_W1='[T1+T2+T3]'; 

input_to_W2='[kpwm]'; 

input_to_W3='[r-T1-T2-T3]'; 

input_to_W4='[u]'; 

sysoutname='Gsys'; 

%outputvar='[v1,v2;p1;p2]'; 

cleanupsysic='yes'; 

sysic; 

 

hinf.m 

nmeas=1; 

ncon=1; 

gmin=1; 

gmax=100; 

tol=0.0001; 

hin_ic=sel(Gsys,3:5,3:5); 

[k_hin,clp]=hinfsyn(hin_ic,nmeas,ncon,gmin,gmax,tol); 

omega=logspace(3,6,300); 

clp_g=frsp(clp,omega); 

vplot('liv,lm',vsvd(clp_g)); 

title('Singular value plot of clp'); 

xlabel('Frequency(rad/sec)'); 

ylabel('Magnitude'); 

 

dk_inverter.m 

NOMINAL_DK=Gsys; 

NMEAS_DK=1; 

NCONT_DK=1; 

  

BLK_DK=[-1 1;-1 1;2 2]; 

OMEGA_DK=logspace(3,6,300); 

  

AUTOINFO_DK=[1 4 1 4*ones(1,size(BLK_DK,1))]; 

  

NAME_DK='inverter'; 
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mu_inverter.m 

DK_DEF_NAME='dk_inverter'; 

dkit 

 

nrp_inverter.m 

K=k_hin; 

%K=k_dk4inverter; 

clp_ic=starp(Gsys, K); 

omega=logspace(3,6,300); 

clp_g=frsp(clp_ic,omega); 

blkrsR=[-1 1;-1 1]; 

  

%nominal performance 

nom_perf=sel(clp_g,3,3); 

  

%robust performance 

rob_perf=clp_g; 

blkrp=[blkrsR;[2 2]]; 

bndsrp=mu(rob_perf,blkrp); 

%vplot('liv,lm',vnorm(nom_perf),'y-',sel(bndsrp,1,1),'m--',sel(bndsrp,1,2),'

c--'); 

vplot('liv,lm',vnorm(nom_perf),'y-',sel(bndsrp,1,1),'m--'); 

  

legend('NOMINAL PERFORMANCE','ROBUST PERFORMANCE') 

  

title('NOMINAL PERFORMANCE(solid) and ROBUST PERFORMANCE(dashed) of Hinf 

controller'); 

xlabel('Frequency (rad/s)'); 

ylabel('mu'); 

disp(''); 

disp(['mu-robust performance:' num2str(pkvnorm(sel(bndsrp,1,1)))]); 

disp(''); 

 

red_inverter.m 

K=k_hin; 

%K=k_dk4inverter; 

omega=logspace(4,6,300); 
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K_g=frsp(K,omega); 

[Kb,hsig]=sysbal(K); 

Kred=hankmr(Kb,hsig,3,'d'); 

Kred_g=frsp(Kred,omega); 

vplot('bode',K_g,'y-',Kred_g,'m--'); 

subplot(2,1,1); 

title('BODE PLOTS OF FULL AND REDUCED ORDER CONTROLLERS'); 

subplot(2,1,2); 

K=Kred; 

[Ak,Bk,Ck,Dk]=unpck(K); 

G_K=ss(Ak,Bk,Ck,Dk); 

K_S=tf(G_K) 

 

Rob_inverter.m 

%K=k_hin; 

K=k_dk4inverter; 

clp_ic=starp(Gsys, K); 

omega=logspace(3,6,300); 

clp_g=frsp(clp_ic,omega); 

blkrsR=[-1 1;-1 1]; 

rob_stab=sel(clp_g,[1:2],[1:2]); 

pdim=ynum(rob_stab); 

fixl=[eye(pdim); 0.1*eye(pdim)]; 

fixr=fixl'; 

blkrs=[blkrsR;abs(blkrsR)]; 

clp_mix=mmult(fixl,rob_stab,fixr); 

[rbnds,rowd,sens,rowp,rowg]=mu(clp_mix,blkrs); 

disp(''); 

disp(['mu-robust stability:' num2str(pkvnorm(sel(rbnds,1,1)))]); 

disp(''); 

%vplot('liv,lm',sel(rbnds,1,1),'y--',sel(rbnds,1,2),'m-',vnorm(rob_stab),'c-

.'); 

vplot('liv,lm',sel(rbnds,1,1),'y--',vnorm(rob_stab),'c-.'); 

legend('robust stability of  mu controller','robust stability of Hinf 

controller') 

title('ROBUST STABILITY'); 

xlabel('Frequency (rad/s)'); 

ylabel('mu'); 
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Appendix 2 PSIM simulation model 

2.1 SC based multilevel inverter with symmetrical modulation 

 

 

2.2 Symmetrical PSM and unified PSM 
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2.3 Unified PSM and dual-control scheme 
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2.4 Simulation of modified IPOS and control scheme 
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Appendix 3 Simulink model 

3.1 Simulink model of μ based control 
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