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Abstract

To provide a well-regulated supply voltage for their operation, dc-dc power
converters are widely used in computers, cell phones, telecommunication sys-
tem, grid-connected energy storage systems, distributed generators, photovoltaic
systems, and many others. Fast dynamic response performance is an essen-
tial requirement for these dc-dc power converters, and this is achievable with
a well-designed feedback controller. Traditional methods for designing feedback
controller are based on an accurate small-signal model of the power converter.
However, model uncertainties and power converter’s parameter variations due to,
for example temperature or aging effects, will adversely affect the performance
of the designed feedback controller. Another major disadvantage of the conven-
tional feedback control approach is that the feedback controller is required to
meet both stability and transient response performance requirements, and these
two requirements usually cannot be met with one set of controller parameters.
Hence, there is always a tradeoff between stability and dynamic response perfor-
mance. These factors make the design of high-performance feedback controller a
challenging task. To address these issues various adaptive and nonlinear control
methods have been proposed. However, these methods are relatively complex and
require high-performance microcontroller for there implementation. The principal
focus of this work is to develop and implement a parameter insensitive, hardware-
efficient and high-performance feedback controller for de-dc power converters. For

illustration, the feedback controller design for non-isolated dc-dc buck converter

vil



commonly used for low power applications and the isolated dc-dc dual-active-
bridge (DAB) converter commonly used for medium to high power level has been
selected for this study.

A novel non-intrusive method for online estimation of power-stage parameters
and autotuning of the feedback controller for buck converter is presented in the
first part of this research work. The autotuning controller presented has been
specially developed to handle wide-range variations in the resonant frequency
of the L,C, output filter, equivalent series resistance (ESR) zero of the output
capacitor, and input voltage. The proposed controller accurately estimates the
resonant frequency w, and the ESR zero frequency wgsr by examining the con-
verter’s startup transient and by online measurement of output voltage ripple.
As a result, the proposed method is non-intrusive and does not disturb the con-
verter’s normal operation or output voltage regulation. Based on these results,
the digital compensator is automatically tuned based on some user-defined phase
margin and crossover frequency to provide the desired transient response and
output voltage regulation over wide-range variations of power-stage parameters
and operating points. It has been demonstrated by experimental results that
the presented controller can maintain absolute stability and consistent transient
performance over a wide-range of power-stage parameters and operating points
of the converter.

In the second part of this research work, in order to enhance the transient
response of the front-end DAB converter and reduce the amplitude of the second-
order ripple component in the dc-bus voltage of a cascaded converter system
comprising a DAB dc-dc converter followed by a single-phase inverter, a distur-
bance observer based dc-bus voltage control has been proposed. In the proposed
method, a disturbance observer is designed based on minimal plant information
and is combined with a proportional controller to form a decoupled composite

controller for dc-bus voltage control. The input to the disturbance observer is



the sensed dc-bus voltage and the control signal. Hence, the proposed solution
does not require additional voltage or current sensor. Using this information, the
disturbance observer can accurately estimate and compensate for the lumped dis-
turbance which includes external disturbances, model uncertainties, and circuit
parameter variations due to temperature and aging effects. With these distur-
bances accounted for and their effects compensated, superior control performance
can always be achieved.

In the final part of this research work, in order to overcome the bandwidth lim-
itation of conventional feedback control methods, an uncertainty and disturbance
estimator (UDE) assisted sensorless load current feedforward control scheme for
two-stage single-phase inverter system has been proposed. The proposed control
method consists of a feedforward path, an UDE, and a voltage feedback loop.
The load current is estimated from the estimated average current of the DAB’s
secondary bridge, and lossless sensing of the dc-link capacitor current is achieved
using a digital filter, and the estimated load current is fed forward to achieve
fast dynamic response. However, the estimation accuracy of the load current and
calculation of the optimum feedforward gain depends on the values of circuit pa-
rameters which may be not known with high precision. Hence, an UDE is used to
compensate for model uncertainties and parameters variations, and the voltage
feedback loop is designed to ensure good converter’s stability. As compared to
traditional single-loop voltage-mode control or voltage-mode control with load
current feedforward, the proposed UDE assisted current sensorless load current
feedforward control scheme results in an improved dynamic response performance

and reduced dc-bus voltage ripple.
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Chapter 1

Introduction

1.1 Motivation and Objectives

Many applications such as computers, cell phones, telecommunication power
supplies, solid-state-transformer (SST), photovoltaic systems, distributed genera-
tors, gird connected energy storage systems requires switch-mode de-de converters
for there proper operation. The primary requirement for the de-dc power convert-
ers in these applications is to provide accurate and reliable voltage during steady-
state, fast dynamic response and absolute stability over wide range of converter’s
power-stage components values and operating points. A well-designed feedback
controller is required to achieve these objectives. Conventionally a single-loop
voltage-mode control or dual-loop current-mode control is employed to regulate
the output voltage of the power converter. Frequency domain analysis such as
Bode plot and root locus methods are used for the design and analysis of the
feedback controller.

Conventional linear feedback controllers are designed based on the small-signal
model of power converter. Thus an accurate small-signal model of the converter is
needed for feedback controller design. Once a feedback controller is designed for a

particular set of power-stage parameters, any changes in these parameters mainly
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due to aging and temperature dependencies will have adverse effects on the per-
formance of the designed feedback controller. Additionally, conventional feedback
controller needs to meet both stability and transient response requirements, and
these two are often in contradiction with each other. Hence, a compromise be-
tween stability and transient response performance is inevitable. Consequently,
control methods that can improve the dynamic response without effecting stabil-
ity needs to be employed. This motivates our research to investigate alternative
control methods to improve the dynamic response performance of the converter
without affecting its stability.

The main objective of this research work is to develop and implement a pa-
rameter insensitive, hardware-efficient and high-performance feedback controller
for de-dc power converters. For illustration, the feedback controller design for
nonisolated dc-dc buck converter commonly used for low power applications and
isolated de-de dual-active-bridge (DAB) converter commonly used for medium to

high power level have been selected for this study.

1.2 Outline of the Thesis

The thesis is organized as follows:

In Chapter 2, the influences of variations in power-stage component values on
closed-loop gain are investigated. In addition, various autotuning control methods
presented in the literature are reviewed and there limitations are discussed.

In Chapter 3, a non-intrusive method for online estimation of power-stage
components values and autotuning of feedback compensator for a digitally con-
trolled dc-de buck converter is presented. The presented autotuning controller
can maintain a consistent transient response performance and stable operation
over wide-range variations in the equivalent series resistance (ESR) zero of the

output capacitor and the resonant frequency of the output filter. Experimental
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results are presented to verify the effectiveness of the proposed control method.

In Chapter 4, the basic steady-state operating principle of a two-stage cas-
caded converter comprising of a front-end DAB dc-dc converter followed by a
single-phase inverter is presented. Furthermore, a comprehensive review of vari-
ous control methods proposed in the literature to enhance the transient response
of the front-end DAB converter is presented.

In Chapter 5, a disturbance observer based control method is proposed to
enhance the dynamic response performance of the frond-end DAB converter and
to reduce the double-line frequency ripple in the dc-bus voltage of a two-stage
single-phase inverter system. In the proposed method, all un-modeled effects
including external disturbances and parameter variations are treated in the form
of lumped disturbance which are estimated in real-time and compensated for in
a feed-forward manner.

In Chapter 6, an uncertainty and disturbance estimator (UDE) assisted sen-
sorless load current feedforward is proposed to achieve fast dynamic response and
to reduce dc-bus ripple in a cascaded converter system comprising a front-end
DAB dc-dc converter followed by single-phase inverter. In the proposed method
load current feedforward is used to enhance the dynamic response of the front-end
DAB converter while an UDE is used to compensate for any nonidealities arising
from model uncertainties and error in load current estimation.

Concluding remarks and suggestions for future researches are provided in

Chapter 7.
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Chapter 2

Digital Autotuning Control
Methods for DC-DC Power

Converter

2.1 Introduction

Buck converter is commonly used to provide a well-regulated and reliable dc-
output voltage. The applications of buck converter range from small hand-held
devices such as mobile phones and tablets to large desktop and servers. To regu-
late the output voltage of a buck converter around a particular reference voltage
a well-designed feedback controller is required [1-7]. The most commonly used
control methods for feedback control design of buck converter is voltage-mode
control or current-mode control. However, in conventional off-line feedback con-
troller design, power-stage parameters are directly used [8-13], but uncertainty
in the knowledge of power-stage component values due to manufacturing toler-
ance and aging can adversely affect the design accuracy and performance of the
designed controller [14-18].

In this chapter, the influences of variations in power-stage parameters on loop-

bt
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gain design are investigated in detail. The design and implementation of some
digital autotuning controllers for buck converter published in the literature will

also be reviewed.

2.2 Influence of Power-Stage Parameters on Loop

Gain

2.2.1 Voltage-Mode-Controlled Buck Converter

The schematic of a voltage-mode-controlled buck converter with a Type-III
compensator is shown in Fig. 2.1. The control-to-output transfer function of
a buck converter is a function of output filter’s resonant frequency and output

capacitor’s ESR zero frequency, as given by equation (2.1) [19,20].

pvoy

Gate Driver

Vu(®) |_IE 0, :%
T

I/sﬂwtooth

vid

Comparator

i
=
=
VW
=

Type-11I Compensator

Figure 2.1: Voltage-mode-controlled buck converter with Type-III compensator.



2. Digital Autotuning Control Methods for DC-DC Power Converter

Uo($) 1+ ==
Gua(s) = =Vin e 2.1
where
1
Y, = 2.2
w e (2.2)
Rdson + T + Te C(o
— —2 2.3
¢ s = (2.3
- (2.4)
WESR = re x C, ’

Generally, a Type-III compensator is used for realizing voltage-mode feedback

control. The s-domain transfer function of a Type-III compensator has three poles

and two zeros, as given by equation (2.5). Typically, compensating a converter

to meet regulation objectives and stability criteria requires the placement of the

first zero of the compensator (w,1) at low frequency to compensate for the phase

lag of the pole at the origin. The second zero (w,2) is used to compensate for one

of the power stage’s double poles. The first pole (w,1) is used to cancel the output

capacitor’'s ESR zero, and the second pole (w,2) is used to provide attenuation

for frequencies above half of the switching frequency. The value of the integrator

gain K is chosen such that the desired crossover frequency and phase margin are

obtained [21,22].

K(1+70)0+75)
Goom(s) = — 21 o2 2.5
Y RS 7
0.8 — 0.8—— (2.6)
w1 = 0.8w, = 0. .
' L.C,
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Wy = Wy = L—C (27)
1

Wp1 = WESR — < C (2-8)

Ws

Wpa = ? (29)
Wz1Wz2We

K=—-"- 2.10

Vo (2.10)

where w, is the desired closed-loop bandwidth. According to [23,24], the fun-
damental upper limit for w, is % of the switching frequency. For most practical
designs the recommended value for w, is % to % of the switching frequency.
Based on the time-domain transfer function of an analog compensator, the
z-domain representation of an equivalent digital controller can be obtained by
bilinear transformation (equation 2.11) and the result is given by equation (2.12).

2 (z—1)

S:TS z+1

(2.11)

1

7 is the sampling frequency, which is equal to the converter’s switch-

where T, =

ing frequency.

Gomlz] = y(z] _ By+ Biz7' 4+ Byz72 4+ Bgz73
com elz] L+ Azt + Apz2 + Agz3

(2.12)
where e|z] is the error signal which is the input to the digital controller and y[z]
is the value of duty cycle.

By applying the shifting property of z-transform, the coefficients of the digital

controller expressed in terms of the locations of the converter’s poles and zeros,

sampling frequency T}, and dc gain can be obtained as given by equations (2.13)-

8
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(2.19).

—12 + T?wyiwpe — 2T (wp1 + wyo)
(2+ Tgwp1>(2 + Ts2wp2)

A = (2.13)

12 — Tzwplwp2 — 2Ts2 (wpl + wp2)

A, —
? (2+ Tgwpl)(Q + TSQWM)

(2.14)

(2 —l—wapl)(Z—i—wapQ) ’

- ToKwpiwp (2 + Tsw:1)(2 + Tiw.o)

= 2.16
0 2(2 + Tswpl)(2 + Tspr)wzlw,ZZ ( )
TsKwplpr[_4 + 3T32wzlw22 + 2Ts (wzl + wz2)]

B, — (2.17)
2(2 + Tswpl)<2 + Tspr)wzlsz

B, — LBwpwpl—4 4 3T waws — 2T (W + waa)] (2.18)
2(2 + Tswp1)<2 + Tswpg)wzleQ

TSK —2 TS z -2 Ts z
B3 = wp1wp2 (=2 + Tsw1) (=2 + Tiw.o) (2.19)

2(2 + Tswp1)<2 + Tswpg)wzlwzg
The corresponding linear difference equation of the digital controller is given

by equation (2.20).

y[n] = Boe[n]+Bie[n—1]4+Bse[n—2]4Bse[n—3]—[A1y[n—1]+ Aoy [n—2]+ Asy[n—3]]
(2.20)
By keeping the aforementioned guidelines in view, a digital compensator has
been designed for a buck converter operating with V;, = 12 V, V, = 1.5 V,
fs =500 kHz, C, = 1.1 mF, r. = 6 m{2 and L, = 1.2 yH. Fig. 2.2 and Fig. 2.3

shows the converter’s loop gain for large variations in L, and C, respectively,

9
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C,, phase margin increases and crossover frequency decreases, which deteriorate

can be seen that for a fixed compensator and an increase in the values of L, and

along with the nominal values for which the compensator has been designed. It

margin decreases, which can make the converter unstable.

the converter’s transient response. Also
values of the power-stage parameters (L, and C,
of a decrease in the values of L, and
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Figure 2.2: Open-loop gain with voltage-mode control for different values of L,.
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Figure 2.3: Open-loop gain with voltage-mode control for different values of C,.
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L,
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[ Slope Compensation| ref
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Figure 2.4: Peak-current-mode-controlled buck converter with Type-II compen-
sator.

2.2.2 Peak-Current-Mode-Controlled Buck Converter

Fig. 2.4 show block diagram of a peak-current-mode-controlled buck converter
with a Type-IT compensator. Based on the multi-loop analysis method [25-27],
the control-to-output-voltage and control-to-inductor-current transfer functions
are given by equation (2.21) and (2.22) respectively.

S

V() I+ -
Gopi(s) = vV, ———£Esk__ 2.21
als) 1+25s+ 2 (2.21)

B IL(S) - Vi 1+ sRr0adCo
d(s) Rroaa 1+ ZW%S + 3—22

Gia(s) (2.22)

A simple compensation scheme is usually implemented for peak-current-mode
control as compared to voltage-mode control. A Type-IT compensator (with two
poles and one zero) is normally used for this purpose [28]. A pole is placed at
the origin to obtain zero steady-state error. The zero of the compensator (w,)

is placed at low frequency to cancel the effect of the pole at the origin. The

11
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second pole of the compensator (w,) is used to cancel the output capacitor’s ESR
zero. The value of the integrator gain K is chosen such that the desired crossover

frequency and phase margin are obtained [22].

K(1+=)
Geom(s) = ——-Z= 2.23
= TS (2.23)
1
W, =W, = (2.24)
L,C,
1
Wp = WESR = < C (225)
K =w,w.R;C, (2.26)

where w, is the desired closed-loop bandwidth and R; is the current sensing gain.

By using bilinear transformation, i.e. equation (2.11), the s-domain transfer
function of the analog Type-II compensator is transformed into z-domain, as

given by equation (2.27).

ylz]  Bo+ Biz7!' + Byz?
e[z] 14 Ajz7l14 Ayz—2

Geoml2] = (2.27)

The corresponding linear difference equation of the digital controller is given

by equation (2.28).

y[n] = Boe[n] + Bie[n — 1] + Bseln — 2] — [Ary[n — 1] + Asy[n — 2]]  (2.28)

where

12
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4

A= ———-—
! 2+ Tsw,

2 —Twy

A, =
2 2+ Twy

- T Kwy(2+ Tw.)
7 202+ Tswy)w,

B, — T Kw,
24 Tswp

- TiKwp(—2+Tw,)

? 22+ Tywp)w,

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

Fig. 2.5 and Fig. 2.6 shows the outer-loop gain, which determines the system’s

phase margin and bandwidth for different values of L, and C, along with the

nominal values for which the compensator has been designed originally. It can

be seen that the change in L, have no effect on the outer-loop gain. This is

because with peak-current-mode control the converter acts as a controlled current

source [29]. However, with decreases in C, its phase margin decreases and its

Figure 2.5: Outer-loop gain with peak-current-mode
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60 fo"J:f"i"J‘ i :‘ : i : R “ Nominal Value of C,
E | T [ | P i 25% Decrease in C,
b 40—------ e - [t it 25% Increase in C,
3 | [ . R
£ 20
=
2
s 0

-20

-90
3—135
@
E
£-180

10* 10° 10' 10°

Frequency (KHz)

Figure 2.6: Outer-loop gain with peak-current-mode control for different values
of C,.

crossover frequency increases, hence the converter has the tendency to become

unstable with a reduction in C, and a fixed compensator.

2.3 Autotuning Control Methods for Power Con-

verter

From the analysis in the previous section, it can be concluded that in order
to maintain a stable transient response performance and unconditionally stable
system over wide-range variations of power-stage parameters, the coefficients of
the digital controller should be adjusted regularly according to the variations in
power-stage component values. An autotuning controller that adjusts its coeffi-
cient to compensate for the variations in power-stage component values are widely
employed to maintain a stable transient response performance and uncondition-
ally stable system over wide-range variations of power-stage parameters. The
autotuning controller for power converters can be broadly classified into two cat-
egories: parametric and non-parametric autotuning controller [30,31]. For para-
metric approach, the values of the power converter’s power-stage are estimated,

and the controller coefficient is adjusted accordingly. While for non-parametric

14
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approach the frequency response of the power converter is measured online and
the controller is adjusted based on the measured frequency response to obtain

the desired phase margin and crossover frequency [32].

2.3.1 Non-Parametric Digital Autotuning Controller

A non-parametric approach for online system identification based on cross-
correlation method is presented and successfully applied to a forward converter
in [33,34]. A pseudo-random binary signal (PRBS) is digitally generated using a
shift register and is injected as a perturbation into the system through its control
input. The impulse response of the converter is then obtained by cross-correlation
of the input signal and the converter output. The obtained impulse response of
the converter is then converted into frequency response using a Discrete Fourier
Transform (DFT). Based on the obtained frequency response data, frequency
domain analysis can be used to design a suitable feedback controller. However,
there are specific limitations of the proposed method: the controller needs to
process a large amount of data which will require a significant amount of time
and memory; the converter needs to operate in open-loop during the identification
phase as such the method is not suitable for continuous controller tuning; the
fidelity of system identification significantly depends on the ADC quantization
effect and switching noise.

In [35] pre-emphasis and de-emphasis filters are introduced to improve the ac-
curacy and reduce the effect of noise on the cross-correlation based system iden-
tification method. The generated PRBS data is passed through a pre-emphasis
filter before injecting it into the system while the output of the converter is passed
through a de-emphasis filter. In [36] a window function is applied to the data
obtained from the cross-correlation of the input signal and the converter’s out-

put voltage to remove high frequency noise from it. This results in an improved
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accuracy of the control-to-output voltage transfer function especially at high fre-
quency. The achieved accuracy and removal of the high frequency noise depend
on the selection of the width of the window function. In [37,38] other types of
signals are used as the perturbation signal instead of the PRBS to further improve
the accuracy of the cross-correlation based system identification method. In [37] a
discrete-interval binary signal (DIBS) is used as perturbation signal while in [38]
inverse-repeat binary sequence (DRBS) is used as perturbation signal as these
signals are less sensitive to distortion and noise and will result in an improved
accuracy in noisy systems.

An autotuning controller based on online frequency-response measurement is
presented in [39]. During identification phase, the output of the controller is
held at its steady-state value and a signal is injected into the digital pulse-width
modulator (DPWM) in addition to the controller’s output. With the help of an
identification block the open-loop frequency response of the converter is measured
and stored in memory. Autotuning algorithm is then used to tune the controller
for the desired crossover frequency and phase margin. In [40,41], autotuning
of controller is performed by continuous monitoring of the system’s crossover
frequency and phase margin. A small digital square wave is injected into the
feedback loop and error signals are generated by subtracting the measured band-
width and phase margin from the desired bandwidth and phase margin. Based
on these error signals, a multi-input-multi-output controller is used to tune the
coefficients of the digital PID compensator to nullify the errors. With signal injec-
tion into control loop, this method inevitably causes perturbations to the output
voltage and affects load regulation. Moreover, the method is relatively complex
as additional hardware resources including variable frequency signal generator,
band-pass filters, multi-input-multi-output (MIMO) controller are required to
map error signals to PID compensator’s coefficients.

A model reference autotuning controller is presented in [42,43]. In [42] the

16



2. Digital Autotuning Control Methods for DC-DC Power Converter

model reference and the actual system are simultaneously perturbed through the
application of a common excitation waveform and their outputs are compared to
yield the tuning error. By means of a tuning algorithm the compensator’s coeffi-
cients are adjusted until the tuning error is reduced to zero. In [43] the impulse
response of the actual system is measured online then an error signal is generated
by subtracting the measured impulse response from a reference impulse response.
Based on the generated error signal the coefficient of the digital controller are
altered in such away that the error signal is reduced to zero. In [44] an adaptive
proportional derivative plus integral (PD-+I) control method has been proposed
and successfully applied to a buck converter. The proposed method consists of
an adaptive PD controller plus a non-adaptive integral controller. The adaptive
PD controller is implemented using finite impulse response (FIR) predictive error
filter. A DCD-RLS algorithm is used to adjust the coefficient of the FIR filter in

such away that the error converges to zero rapidly.

A gain-scheduling control scheme based on inductor current is presented in
[45]. In the proposed method, linear controllers for different converter’s operating
points are designed offline and stored in a lookup table, and a particular set of
controller coefficients are subsequently selected according to the sensed inductor
current for a given operating point. An online closed-loop autotuning digital
controller is presented in [46]. The presented method is based on tuning the
closed loop controller parameters by observing the time-domain characteristics of
the compensated error signal. A larger peak-to-peak value of the compensated
error signal corresponds to a larger bandwidth. Thus, the parameters of the
compensator such as gain, poles or zeros are altered in a direction that will

increase the peak-to-peak amplitude of the compensated error signal.
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2.3.2 Parametric Digital Autotuning Controller

A relay feedback based method for online estimation of power-stage param-
eters and autotuning of a feedback controller is presented in [47-49]. In the
proposed method, a non-linear relay is introduced in the feedback loop. During
the identification phase the non-linear relay causes the converter’s output voltage
to oscillate at the system’s resonant frequency. Thus the zeros of the compensator
are placed at the resonance frequency of the converter. Subsequently the poles
and gain of the compensator is adjusted using iterative procedure to obtain the
desired phase margin and crossover frequency. However, the proposed method
causes the converter’s output voltage to oscillate during the identification phase
thus disturbing the converter’s normal operation. Additionally, the poles and
gain of the compensator is adjusted using an iterative procedure thus the com-
plete identification and autotuning process require a significant amount of time.
The complete identification and autotuning process takes approximately 27 ms

at a sampling frequency of 200 kHz [49].

Instead of using a non-linear relay in the feedback loop, a limit-cycle-oscillations-
based method for online estimation of power-stage parameters and autotuning of
a feedback controller is proposed in [50,51]. In the proposed method, oscillations
known as limit-cycle-oscillations are introduced in the converter’s output volt-
age by reducing the resolution of the DPWM as compared to the resolution of
the ADC. The converter’s parameters such as output filter resonant frequency
and quality factor are then estimated by examining the amplitude and frequency
of the intentionally introduced limit-cycle-oscillations. Once the converter’s pa-
rameters are estimated a pole-zero cancellation method is adopted to tune the
compensator’s coefficients for achieving the desired crossover frequency and phase
margin. The main drawback of this method is that it is based on intentionally

introduced limit-cycle oscillations, which will affect the converter’s normal op-
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eration and output-voltage regulation during the identification and autotuning
phase.

In [52], a time-domain method for estimating the open loop control-to-output
voltage transfer function is proposed. In the proposed method, the system is per-
turbed by introducing a step change in the duty cycle. To improve the accuracy
of the proposed method, the same step change in the duty cycle is applied for
at least five times. The average input and output data is then collected and an
iterative least square algorithm is applied to estimate the open-loop control-to-
output voltage transfer function of the converter. However, there is a limitation
of the proposed method. Any step change in the duty cycle will result in a change
in the output voltage thus changing the converter’s operating point.

Hammerstein model based black box modeling of de-dc converter is presented
in [53,54]. The assumed Hammerstein-type mathematical model for the dec-dec
converter consists of a static nonlinear model and a linear time-invariant (LTT)
model. The model identification is a two-step procedure. In the first step the
converter is supplied with a fixed input voltage and a variable duty cycle. The
obtained input and output data for this operating mode is then utilized to obtain
the static nonlinear model of the converter. In the second step the duty cycle
is perturbed with a PRBS signal and the obtained input and output data for
this operating mode is then utilized to obtain the LTI model of the converter.
The proposed method will result in an improved model of the de-dc converter as
compared to conventional small-signal model. However, the proposed method is
relatively complicated and not suitable for low-cost DSP implementation. A black
box modeling approach based on analyzing the converter’s transient response
is presented in [55,56]. A step change in load is introduced and the resulting
dynamic response of the converter is captured. A Least square algorithm is then
used to obtain the coefficients of the LTI system transfer function.

A method for estimating the parameters of converter is presented in [57—
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59], which does not require any current sensor. In the proposed method, the
conventional analog RC filter, used for lossless inductor current sensing is replaced
by a first-order digital filter. During a short period of calibration phase a small
precise current sink, connected in parallel to the load is activated. Then the gain
and time constant of the digital filter are adjusted such that any change in load
current exactly correspond to the change in the measured inductor current. The
estimated parameters can be then used to autotune the digital controller. A non-
intrusive, current-sensorless method for online identification of output capacitor’s
ESR and C, is proposed in [60-63]. The values of ESR and C, are estimated by
sampling the output voltage twice in a switching period and using the information
of steady-state duty cycle and sampling frequency from the digital pulse width

modulator.

2.4 Conclusion

In this chapter, the influences of variations in the power-stage parameters on
converter’s loop-gain are investigated. From the analysis, it can be concluded
that in the presence of variations in power-stage components values and fixed
controller the crossover frequency and phase margin of converter changes, which
could degrade the converter’s transient response and its stability. To address this
issue, various non-parametric and parametric autotuning control methods have
been proposed in the literature. For non-parametric autotuning control methods,
the frequency response of power converter is measured online and used to tune
the feedback controller. However, these methods are relatively complicated as
the DSP needs to process a large amount of data and as such is not suitable for
low-cost DSP implementation. For parametric approach, converter’s power-stage
component values are estimated, and pole-zero cancellation method is applied

to tune the feedback controller. The parametric methods are relatively easy to
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implement. However, most of the presented methods are based on trial-and-error
approach, or it is assumed that at least some of the converter’s parameters are

known with high precision and does not change over time.

21



2. Digital Autotuning Control Methods for DC-DC Power Converter

22



Chapter 3

A Non-Intrusive Parameter
Estimation Method for

Autotuned DC-DC Converter
Based on Quasi-Impulse

Response

3.1 Introduction

In Chapter 2, various autotuning control methods for dc-dc converters have
been reviewed to maintain consistent dynamic response performance and sta-
bility of converter despite variations in the converter’s power-stage parameters.
However, it is observed that with non-parametric autotuning methods the digital
controller needs to process a large amount of data and as such these methods
are relatively complicated and usually require a high-performance DSP for their

implementation. In contrast, parametric autotuning control methods are rela-
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tively easy to implement and are more suitable for low-cost DSP implementation.
However, most of these methods are based on trial-and-error approach, or it is
assumed that at least some of the converter power-stage parameters are known
with high precision and does not change over time.

To address these limitations, a new method for online estimation of power-
stage parameters along with a controller that can be autotuned is proposed in
this chapter. With the proposed method, the resonant frequency w, and ESR
zero frequency wggr are estimated by analyzing the converter’s quasi-impulse
response during start-up transient and online measurement of steady-state out-
put voltage ripple. Based on these estimated parameters, the coefficients of the
digital controller are tuned to maintain constant crossover frequency and phase
margin irrespective of variations in power-stage parameters. As a result, the
proposed method offers the advantage of being free from trial-and-error and non-
intrusive, hence it does not disturb the converter’s normal operation. Moreover,
the proposed method is hardware efficient since no additional hardware such as
voltage and current sensors are required and can be implemented on a low-cost

microcontroller.

3.2 Estimation of Power-Stage Parameters

The schematic diagram of the proposed autotuning digital compensator for
voltage-mode and peak-current-mode control are shown in Fig. 3.1 and Fig. 3.2,
respectively. The complete system consists of a power-stage, an identification
block and an autotuning digital compensator. The identification block is used to
perform online estimation of the resonant frequency of the output filter and ESR
zero frequency of the output capacitor. It uses the digital values of the sampling
frequency f,, steady-state duty cycle D and output voltage v,, and in the case of

peak-current-mode control, the additional input is the sensed inductor current.
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Figure 3.2: Digital peak-current-mode-controlled buck converter with estimation
block.

In this work, the resonant frequency w, and ESR zero frequency wgsg are es-
timated by analyzing the converter’s quasi-impulse response during startup and

the measured output voltage ripple during steady-state operation, respectively.
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The controller’s coefficients are then adjusted accordingly to maintain a constant

closed-loop bandwidth and phase margin of the converter over wide-range varia-

tions of L,, C, and ESR.

3.2.1 Resonant Frequency w, Estimation

The resonant frequency w, of the L,C, output filter is estimated by analyzing
the converter’s response to a short rectangular pulse as a means to emulate the
converter’s open-loop impulse response. During the estimation phase, the main
switch @)1 is closed to provide a short pulse to the buck converter. The con-
verter’s output voltage response to a short pulse is shown in Fig. 3.3, similar to a
second-order system [115]. The peak value of the output voltage can be adjusted
by changing the on-time of the main switch in order to keep it within a predefined
band to avoid excessive voltage stress on the load and to prevent unintentional
triggering of over-voltage protection circuit. This approach has significant advan-
tage compared to step excitation which subjects the load to a voltage significantly
higher than the nominal value. Fig. 3.3c shows the quasi-impulse response of an

underdamped buck converter’s power-stage for different values of pulse width.

Underdamped response

The response of an underdamped second-order system excited by short rect-

angular pulse of duration T, is given by equation (3.1) and is shown in Fig. 3.3a.

oo(t) = Ame [ sin (wpy/T= G (= T) + 6)
~ sin (wox/l "+ ¢)] (3.1)

where A,, is the amplitude of input voltage, T, is the main switch on-time, w,
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Figure 3.3: (a) Underdamped (b) overdamped response of buck converter excited
by short rectangular pulse and (c¢) quasi-impulse response of an underdamped
buck converter’s power-stage for different values of pulse width.
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is the resonance frequency, ¢ is the damping ratio and ¢ = arccos (¢). Equation
(3.1) can be simplified to equation (3.2), which implies that the response of a
buck converter to short rectangular pulse is a scaled and phase shifted version of

its impulse response.

Vo(t) = ——t—e" el sin <w0 1—¢%t— ng/) (3.2)

where C' is a scaling constant and ¢ is given by equation (3.3).

efwolw, /1 — (2 cos (wo 1-— QZTw>

eswolw( cos (wo 1-— §2Tw>

¢ = arctan

—eSwolw(gin (wo 2Tw> 1 C2

+eSwoTw \/1—7@3111 (wo CQTw> ¢

(3.3)

At peak time t=T,, the derivative of the output voltage is zero. Hence,

0 = cos (wOMTp — ¢’> — ¢ sin (WO\/i'iZsz B qb/> (3.4)

Solving for w, gives

o, — Awecos Q) +¢ (3.5)
T/

For small pulse width T}, ¢ is typically very small. Hence equation (3.5) can

be approximated by equation (3.6)

__arccos (()
N =
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¢ = " <%> (3.7)

2
2 Vo (tp1)
e [ (2te2)

Thus by measuring the ratio between two successive peaks and the time of the

first output voltage peak T}, the damping ratio and the resonance frequency of

the L,C, output filter can be estimated using equation (3.7) and equation (3.6).

Overdamped response

The overdamped response is a superposition of two exponentially decaying
functions as given by equation (3.8) and is shown in Fig. 3.3b.
Amwo (1 _ ePQTw) €_P2t (1 _ e.PlTw) e—Plt

= — 3.8
2¢/C2—1 Py P (3:8)

U, (t)

where A,, is the amplitude of the excitation pulse, T, is the main switch on-time,
w, is the resonance frequency, ( is the damping ratio, P, = (w, + wo\/m and
Py = (w, — wo/(* — 1

Equation (3.8) can be written as equation (3.9), which implies that the re-
sponse of a buck converter to a short rectangular pulse is a scaled version of its

impulse response.

_ Owo |: —Pat
2/ -1

Since P; > P,, the voltage response is dominated by P, near steady-state, i.e.

V(1) e '] (3.9)

t >> T,,. Hence equation (3.9) can be approximated by equation (3.10)

_ Cuw, Pyt
/21

Hence, the output voltage at time t5 and t3 can be approximated by equation

V,(t) (3.10)

(3.11) and equation (3.12) respectively.
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Cw,
Uo(tQ) e —2 <;L)_ 1 —Pats
Cw, Pyt

(&

V,(t3) = SN/ Z-1

Dividing equation (3.11) by equation (3.12) and solving for P gives

P=3 . Bt BEZH

At t=t; the output voltage is given by

Cu,
Vo) = — e [P — o7 Pi11]
2,/C2 -1

Solving for P; gives

where A = —Co — Zoll2)

2\/42_1 e~ Tat2

At peak time t=T), the derivative of equation (3.9) is zero.

0= PleiplTp — P2€7P2Tp

Substituting the values P; and P and solving for w, gives

e

2T,,/(2 — 2

_P+P

C 2\/P1P2

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

The data points v,(t2) and v,(t3), given by 2% of v,(t,) and 1% of v,(t,)
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respectively, are used to calculate P,, while the data point v,(t1) selected close
to the main switch-off time is used to calculate P;. The resonance frequency w,
and the damping ratio ¢ is then given by equation (3.17) and equation (3.18),
respectively.

In practical implementation, the system is considered to be underdamped
if their exists multiple peaks. On the contrary, the system is considered to be
overdamped if the output voltage settles to zero after the first peak.

The continuous sampling of the converter’s output voltage is used to detect
the output voltage peaks. The value v,[n—1] just before the sign change of Av,[n]
is regarded as peak, while data points v,(t3) and v,(t3) are sampled at 2% and

1% of v,(t,) respectively.

Avg = vo[n] — v,[n — 1] (3.19)

A timer, which increments at the clock frequency and is independent of the
number of instructions is used to measure the time t1, t9, t3 and the peak time
T,. At time ¢ = 0, when the main switch is closed, the timer is started. The
time ¢, is selected close to the main switch off-time. The detection of sign change
from positive to negative of Av, gives the peak time 7}, while the time ¢, and t3
is given by the time at which the output voltage reaches to 2% and 1% of v,(t,),

respectively.

3.2.2 ESR Zero Frequency wgsr Estimation

The measured steady-state output voltage ripple and the estimated resonant
frequency w, are used to estimate the output capacitor’s time constant. Equation

(3.20) represents the total output voltage ripple of a buck converter.

AV, = AV, + AV, (3.20)
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where AV, is the component of the output voltage ripple developed across the
ESR. AV, is the contribution to the output voltage ripple due to variation in the
stored charge of the output capacitor. The ratio of the two the output voltage

ripple components can be given by (3.21).

AV;“C
AV;

Afs

T fEsR

= 8f,r. x C, = (3.21)

From equation (3.21) the ratio AAV‘;CC will be larger than 1, provided that

the switching frequency is considerably higher than fgsr. Thus the peak-to-
peak output voltage ripple is dominated by the output capacitor’s ESR. This
condition is easily satisfied in de-dc converters, in which high switching frequency
is typically used in order to achieve high power density and reduce the size of
passive components. When the contribution of ESR to the peak-to-peak output
voltage ripple is significantly larger compared to that due to variation in stored

charge, equation (3.20) can be approximated by equation (3.22).

AViyp = AV, (3.22)

Therefore, the time constant of the output capacitor’s ESR zero can be given
by (3.23). Furthermore, for peak-current-mode control the individual values of L,
and C, can be calculated from the inductor current ripple information Al; and
the estimated resonance frequency w, as given by equation (3.24) and equation

(3.25) respectively.

1 V,w2(1 — D)T,
= = o .2
WESR % C, AV, (3.23)
~ Vo(1-D)
LO —_— Tl/fs (3.24)
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C, = (3.25)

=
wiL,

In DSP, the inductor current ripple and output voltage ripple information is
obtained by capturing the sensed inductor current and the output voltage twice
in a switching period as shown in Fig. 3.4. The internal trigger of the DPWM
module is used to trigger the ADC when the counter is equal to zero, and when the
counter is equal to DT,. During the identification phase the switching frequency
of the converter can be temporarily reduced for converters operating at high
switching frequency, or for systems that do not have high sampling rate ADC.

Fig. 3.5 shows the implementation flowchart of the entire system.

A

VP wM

Figure 3.4: Output voltage and inductor current ripple measurement.
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Figure 3.5: Flowchart representing the implementation of the autotuning con-
troller with parameter estimation.
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Table 3.1: Vales of L, and C, for three different power-stages

Power— Power— | Power—

Stage 1 Stage 2 | Stage 3

(reference)
Lo(uH) 1.2 1.2 0.8
C,(mF) 1.1 0.81 1.1

3.3 Experimental Results

The proposed autotuning algorithm has been applied to three different syn-
chronous buck converter configurations with different power-stage component val-
ues . The specifications of the converter are input voltage of 12 V, output voltage
of 1.5 V and output current of 15 A. The different values of the L,C, output filter
for the three power-stages are given in Table 3.1. A digital fixed voltage-mode
and peak-current-mode controller was designed using the nominal power-stage
parameter values. Digital signal processor (TMS320F28377S) was used to imple-
ment the digital controller. For all cases, the load current’s slew rate is 1.7 A/us

for step-up and 50 A/us for step-down.

3.3.1 Voltage-Mode Control

The dynamic response of the converter with the designed digital controller
under step load changes is shown in Fig. 3.6. It can be observed that the converter
is stable and the peak-to-peak overshoot is 120 mV for a load current step of
5A < 15A. For the case of fixed controller and reduced values of L, and C,,
the results are given in Fig. 3.7 and Fig. 3.8 respectively. The waveform of the
output voltage shows that the converter has become unstable due to reduced
phase margin and increased crossover frequency.

With the proposed autotuning controller, the startup transient is used to

determine the the resonant frequency w, of the output filter by calculating the
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4

Time: 200us/Div.
Top Trace (Output Voltage, AC Coupled): S0mV/Div.
Bottom Trace (Load Current): 5A/Div.

Figure 3.6: Measured transient response of the power converter during a load
transient of 5A <> 15A with fixed voltage-mode controller and nominal values of
L, and C,.

Time: 10ps/Div.
Output Voltage, AC Coupled: 20mV/Div.

Figure 3.7: Measured steady-state output voltage waveform with L, = 0.8 pH
and fixed voltage-mode controller.

Time: 10ps/Div.
Output Voltage, AC Coupled: 20mV/Div.

Figure 3.8: Measured steady-state output voltage waveform with C, = 0.81 mF
and fixed voltage-mode controller.
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Time: 100us/Div.
Output Voltage: 200mV/Div.

Figure 3.9: Measured start-up transient of buck converter.

time of the initial output voltage peak 7}, and the ratio between two successive
peaks as shown in Fig. 3.9. Using the measured output steady-state voltage ripple
and the calculated w,, the ESR zero frequency is calculated. The coefficients of
the digital controller are tuned on the basis of the estimated w, and wggg in order
to achieve the desired crossover frequency. Using L, = 1.2 yH, C, = 1.1 mF
and autotuning controller, the dynamic response of the converter is shown in
Fig. 3.10. The maximum peak-to-peak overshoot has been reduced from 120 mV
to 90 mV with the proposed autotuning controller. The dynamic response of
the converter with the autotuning controller and reduced values of L, and C,
are shown in Fig. 3.11 and Fig. 3.12. It is evident from the results that the
autotuning controller makes the operation of the converter stable for all three
cases irrespective of variations in power-stage parameters. The settling time and
maximum peak-to-peak overshoot are similar for all three cases; however there
is a slight increase in the output voltage ripple with decreases in output filter
component values. The autotuning controller ensures fixed phase margin and

crossover frequency with variations in power-stage component values.
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T o b e -

Time: 200us/Div.
Top Trace (Output Voltage, AC Coupled): 50mV/Div.
Bottom Trace (Load Current): 5A/Div.

Figure 3.10: Measured transient response of the power converter during a load
transient of HA <> 15A with autotuning voltage-mode controller and nominal
values of L, and C,.
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Time: 200ps/Div.
Top Trace (Output Voltage, AC Coupled): 50mV/Div.
Bottom Trace (Load Current): SA/Div.

Figure 3.11: Measured transient response of the power converter during a load
transient of 5A <> 15A with L, = 0.8 uH and autotuning voltage-mode controller.

50mV

4

Time: 200us/Div.
Top Trace (Output Voltage, AC Coupled): S0OmV/Div.
Bottom Trace (Load Current): 5A/Div.

Figure 3.12: Measured transient response of the power converter during a load
transient of 5A < 15A with C, = 0.81 mF and autotuning voltage-mode con-
troller.
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3.3.2 Peak-Current-Mode Control

For peak-current-mode control using L, = 0.8 pH, 1.2 pH and a load current
step of bA < 15A, the transient response of the buck converter with a fixed
controller is shown in Fig. 3.13 and Fig. 3.14. It is clear from the results that the
converter is stable for both cases with approximately the same maximum peak-to-
peak overshoot. For the case of a decrease in the value of C, and fixed controller,
the result of the transient response is given in Fig. 3.15. It is evident from the
result that for fixed peak-current-mode control, a reduced value of C,, makes the
converter unstable, and a degraded phase margin accounts for this instability.
For an autotuning peak-current-mode controller, the dynamic response of the
converter with nominal values of L, and C, is shown in Fig. 3.16. The peak-
to-peak overshoot has been reduced from 140 mV to 120 mV with the proposed
autotuning controller. Fig. 3.17 and Fig. 3.18 illustrates the converter’s response
with the autotuning controller and reduced L,, C, values. With the autotuning
controller, the converter is stable for a similar decrease in C,. This is because
the coefficients of the autotuning controller are updated in accordance with the
estimated power-stage component values. Table 3.2 and Table 3.3 enlists the

measured and estimated values of resonant frequency w, and ESR zero frequency

Time: 200us/Div.
Top Trace (Output Voltage, AC Coupled): 50mV/Div.
Bottom Trace (Load Current): SA/Div.

Figure 3.13: Measured transient response of the power converter during a load
transient of 5A < 15A with fixed peak-current-mode controller and nominal
values of L, and C,.
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i i i i
Time: 200us/Div.
Top Trace (Output Voltage, AC Coupled): 50mV/Div.
Bottom Trace (Load Current): 5A/Div.

Figure 3.14: Measured transient response of the power converter during a load
transient of 5A <+ 15A with L, = 0.8 puH and fixed peak-current-mode controller.

Time: 40pus/Div.
Output Voltage, AC Coupled: 200mV/Div.

Figure 3.15: Measured steady-state output voltage waveform with C, = 0.81 mF
and fixed peak-current-mode controller.
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Time: 200pus/Div.
Top Trace (Output Voltage, AC Coupled): 50mV/Div.
Bottom Trace (Load Current): 5A/Div.

Figure 3.16: Measured transient response of the power converter during a load
transient of 5A <+ 15A with autotuning peak-current-mode controller and nomi-
nal values of L, and C,,.

wgsgr for the three power-stages investigated. The percentage of error between

the measured and estimated values is less than 5% in all cases.
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Time: 200ps/Div.
Top Trace (Output Voltage, AC Coupled): S0mV/Div.
Bottom Trace (Load Current): 5A/Div.

Figure 3.17: Measured transient response of the power converter during a load
transient of 5A <> 15A with L, = 0.8 uH and autotuning peak-current-mode
controller.

Time: 200us/Div.
Top Trace (Output Voltage, AC Coupled): 50mV/Div.
Bottom Trace (Load Current): 5A/Div.

Figure 3.18: Measured transient response of the power converter during a load
transient of 5A < 15A with C, = 0.81 mF and autotuning peak-current-mode
controller.

Table 3.2: Measured and estimated values of w,

Measured w, | Estimated w, | Error

(rad/sec) (rad/sec) (%)

Power — Stage 1 27277 27787 1.8
Power — Stage 2 33201 33760 1.6
Power — Stage 3 32075 32539 1.4
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Table 3.3: Measured and estimated values of wgspr

Measured wggr | Estimated wggr | Error
(rad/sec) (rad/sec) (%)
Power — Stage 1 153050 149674 2.2
Power — Stage 2 155040 150173 3.1
Power — Stage 3 198410 202684 2.1

3.4 Comparison of the Proposed Method With

Other Autotuning Methods

The online closed-loop autotuning method proposed in [46] uses the time-
domain characteristics of the compensated error signal to tune the controller.
Trial-and-error method is used to adjust the gain, poles, and zeros of the com-
pensator in a manner that will increase the peak-to-peak amplitude of the com-
pensated error signal. Since the poles and zeros are adjusted using a trial-and-
error approach this may cause the system to become unstable during the tuning
process. Moreover, with this method the phase margin of the system cannot be
controlled.

The autotuning method presented in [47-51] uses intentionally introduced
limit-cycle-oscillations to estimate the resonance frequency of the output filter.
Hence, the zeros of the compensator can be accurately placed at the resonance
frequency. After that an iterative procedure is used to adjust the compensator
poles and gain in order to obtain the desired phase margin and crossover fre-
quency. The main drawback of this method is that it is based on intentionally
introduced limit-cycle-oscillations which will affect the converter’s normal opera-
tion and output voltage regulation during the autotuning phase.

The autotuning schemes presented in [39-43] are based on the measurement
of closed-loop frequency response. A test signal is injected into the feedback loop

and the frequency response is measured online, based on which the digital com-
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pensator coefficient is adjusted in a manner to obtain the desired phase margin
and crossover frequency. Since these methods are based on online frequency re-
sponse measurement they require more significant signal processing techniques
such as high-performance microcontroller is usually required for their implemen-
tation. Moreover, with signal injection into control loop, this method inevitably
causes perturbations to the output voltage and affects load regulation.

With the method proposed in this work, the resonant frequency w, and ESR
zero frequency wpgr are estimated by analyzing converter’s quasi-impulse re-
sponse during start-up transient and online measurement of steady-state output
voltage ripple. Based on these estimated parameters, the coefficients of the digital
controller are tuned to maintain constant crossover frequency and phase margin
irrespective of variations in power-stage parameters. As a result, the proposed
method offers the advantage of being free from trial-and-error and is non-intrusive,
hence it does not disturb a converter’s normal operation. Moreover, the proposed
method is hardware efficient since no additional hardware such as voltage and
current sensors are required and can be implemented on low-cost microcontroller.

The advantages and disadvantages of various autotuning methods are given in

Table 3.4.

3.5 Conclusion

A simple method for online estimation of the power-stage parameters of a
digitally controlled buck converter and its application in autotuning controller has
been presented in this chapter. A quasi-impulse response of the converter’s power-
stage is generated by a short rectangular pulse during startup and is utilized to
estimate the resonant frequency w, of the L,C, output filter. The ESR zero is
accurately estimated by combining the estimated resonant frequency with the

measured steady-state output voltage ripple. Online estimation of power-stage
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Table 3.4: Comparison of various autotuning methods

Advantages

Disadvantages

Online closed-loop
autotuning digital
controller [46]

e Does not affect converter’s nor-
mal operation.

e Suitable for continuous param-
eter tuning.

e Poles and zeros are adjusted us-
ing trial-and-error approach.

e Can cause the system to
become unstable during tuning
phase.

ePhase margin cannot be ad-
justed.

Autotuning controller
based on relay
feedback [47-49]

e Digital compensator zeros can
be accurately placed at the reso-
nance frequency.

e Phase margin and crossover fre-
quency can be adjusted.

e Affect converter’s normal oper-
ation.

e Not suitable for continuous pa-
rameter tuning.

e Compensator poles are placed
using iterative procedure.

e Requires a non-linear relay.

Limit-cycle oscillation
based
autotuning [50, 51]

e Digital compensator zeros can
be accurately placed at the reso-
nance frequency.

e Phase margin and crossover fre-
quency can be adjusted.

e Affect converter’s normal oper-
ation.

e Not suitable for continuous pa-
rameter tuning.

e Compensator poles are placed
using iterative procedure.

Model reference-based
autotuning [42,43]

e Converter’s phase margin and
crossover frequency can be accu-
rately adjusted.

e Not based on trial-and-error ap-
proach.

e Affect converter’s normal oper-
ation.

e Not suitable for continuous pa-
rameter tuning.

Adaptive tuning
system based on
desired phase
margin [40,41]

e Converter’s phase margin and
crossover frequency can be accu-
rately adjusted.

e Not based on trial-and-error ap-
proach.

e Affect converter’s normal oper-
ation.

e Not suitable for continuous pa-
rameter tuning.

Autotuning controller
based on online
frequency response
measurement [39]

e Converter’s phase margin and
crossover frequency can be accu-
rately adjusted.

e Not based on trial-and-error ap-
proach.

e Affect converter’s normal oper-
ation.

e Not suitable for continuous pa-
rameter tuning.

Quasi-impulse response
based method (this
work)

e Converter’s phase margin and
crossover frequency can be accu-
rately adjusted.

e Not based on trial-and-error ap-
proach.

e Does not affect converter’s nor-
mal operation.

e Not suitable for continuous pa-
rameter tuning.

parameters and adjustments of the coefficients of digital controller accordingly
are able to ensure constant crossover frequency and phase-margin in the presence

of wide-range variations in power-stage parameters. Experimental results for
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both digital voltage-mode and peak-current-mode controlled buck converter are
presented to validate the proposed method. The same approach can be applied

to other converter topologies with minor adaptation.
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Chapter 4

Cascaded Converter System:

Analysis and Control

4.1 Introduction

Many applications such as uninterruptible power supplies (UPS), solid-state
transformers (SST), grid-connected energy storage systems and grid-connected
photovoltaic (PV) systems adopt cascaded converter structure [64-69]. A cas-
caded converter system for these applications typically consists of a de-dc frond-
end converter followed by a dc-ac inverter as shown in Fig. 4.1 [70-74]. The front-
end dc-dc converter is used to provide a well-regulated and reliable de-bus voltage.

In addition, the dc-dc converter can be used to step-up or step-down the input dc-

I/in Vdc _ i0
¥ +I 1 I' 3
1 DC-DC B DC-DC »
s Converter Tr Inverter 0
Cin Cdc

Figure 4.1: Typical cascaded converter system.
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voltage and provide galvanic isolation between the input and output if required.
The dc-ac inverter is used to generate an ac-voltage at the grid frequency and
used to power ac-load or to feed ac-power into the grid. Dual-active-bridge (DAB)
converter is the preferred candidate for the front-end dc-dc conversion stage due
to its soft-switching operation, high efficiency, high frequency operation, bidirec-
tional power-flow capability, ability to step-up or step-down the dc voltage using
a high frequency transformer and provision of galvanic isolation [75-79].

In this chapter, the basic operating principle of a DAB based two-stage single-
phase inverter system is presented in detail, followed by a thorough discussion
of some recently proposed control methods to enhance the dynamic response of
the front-end dc-dc converter and to reduce the amplitude of the second-order
ripple component in the de-bus voltage without significantly increasing the de-bus

capacitance.

4.2 Basic Operating Principle of Two-Stage Single-

Phase Inverter System

4.2.1 Operating Principle of DAB DC-DC Converter

Fig. 4.2 depicts the topology of a DAB dc-dc converter. Referring to Fig. 4.2,
Vi is the input voltage, V. is the dc-bus voltage, C;, is the input capacitor,

Cye is the de-bus capacitor, n = 22
Ns

is the transformer turns ratio and L is the
energy transfer inductance. Switches S; — S, constitute the primary bridge while
switches Q1 — Q4 constitute the secondary bridge of the DAB converter.
Single-phase-shift (SPS) modulation is the most commonly used modulation
method to modulate the output power of DAB converter. The primary-and-

secondary-side switches are operated with 50% duty ratio to generate two square

wave voltages v, and v, respectively. A phase-shift is introduced between the
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Figure 4.2: Front-end DAB dc-dc converter.

primary voltage v, and the secondary voltage v,, and power flows from the bridge

having a leading phase to the bridge having a lagging phase.

The steady-state operating waveforms of a DAB dc-dc converter with SPS
modulation in forward power flow made are given in Fig. 4.3a-c. From Fig. 4.3a
it can be seen that during the time interval t, — ¢; the switches S; and S of the
primary bridge and the switches )3 and Q)3 of the secondary bridge are turned on
thus creating a positive and a negative voltage across the transformer’s primary
and secondary windings, respectively.

During this time interval, the inductor

current is then described by

2L

ir(t1) = +ir(to) (4.1)

where V;, is the input voltage, V. is the dc-bus voltage, n = % is the transformer

_ 1

+ is the switching period

turns-ratio, d is the phase-shift between v, and v,, T'

and L is the energy transfer inductance.

During the time interval t; — t5 the switches S; and Sy of the primary bridge
and switches @)1 and Q)4 of the secondary bridge are turned on thus creating a
positive voltage across both the transformer’s primary and secondary windings.

The inductor current during this interval is described by
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Figure 4.3: Steady state operating waveforms of DAB converter (a) V, > nVy,.
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and t = t5 can be calculated from equation (4.1) and equation (4.2) as follows:

inlto) = 211~ 20)nVie — Vi (43)
in(t2) = 22 [~(1— 2V + Vi (4.4)

The average value of the inductor current I for half-switching cycle can be

then calculated as follow
I = (i) = gl (inlto) + in(t)dT + (ix(t2) + i (02))(1 — d)T]

szmzﬁ%fﬂ (45)

Hence, the average power transferred to the load is given by

nVinVied(1 — d)

P =Vl = =

(4.6)
Assuming 100% converter’s efficiency, the average value of the current flowing
out of the secondary bridge I,; can be obtained as follows:

. nVi,d(1 —d
Ios - <1os> - %

4.2.2 Operating Principle of Single-Phase Inverter

Fig .4.4 depicts the topology of a single-phase full-bridge inverter. Switches
Ty — Ty constitute a full-bridge. Sinusoidal-pulse-width-modulation (SPWM) is
used to generate the switching signals for the switches. As shown in Fig .4.5
the switching signal for the switch 7} is generated by comparing a carrier signal

to a sinusoidal modulation signal. When the modulation signal is higher than

o1



4. Cascaded Converter System: Analysis and Control

the carrier signal switch 77 is turned-on, and vice versa. Similarly the switching

signal for switch T3 is generated by comparing the same carrier signal to a phase-

shifted modulation signal. Switch T3 is turned-on when the modulation signal is

larger than the carrier signal. The switching signals for 75 and T} are the inverse

w\a‘:\

— —
T, |"<} T, |"<}

V(D)

Figure 4.4: Single-phase inverter.

Carrier Signal

Modulation Signal

Vo

A

- Vdc

Figure 4.5: Steady state operating waveform of single-phase inverter with SPWM
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of those for T} and T5.

4.3 Control Methods for the Front-End DC-DC

Converter in Cascaded Converter System

To provide a well regulated and reliable dc-bus voltage and to reduce the dc-
bus capacitance, tight output voltage regulation and fast transient response of the
front-end dc-dc converter is required. Furthermore, when inverter is connected
as a load to the frond-end dc-dc converter there exists an ac-ripple component in
the dc-bus voltage oscillating at twice the inverter’s output frequency due to the
pulsating instantaneous output power of the inverter. This double-line frequency
ripple component can result in a reduced lifetime of the dc-bus capacitor and
affects the inverter’s output voltage quality. Therefore, it is necessary to reduce
the amplitude of this double-line frequency ripple in the dc-bus voltage. To
reduce the amplitude of the double line-frequency ripple on the de-bus voltage, a
large dc-bus capacitance is typically required which results in increased cost and
reduced power density [80-83].

Conventionally, a single-loop voltage-mode or a dual-loop current-mode PI
controller is employed to regulate the output voltage of DAB converter [84-86].
However, the main drawback associated with conventional PI controller is that it
is challenging for the PI controller to meet both dynamic response performance
and stability requirements satisfactorily, as they are often in contradiction with
each other. Hence, there is always a tradeoff between dynamic response per-
formance and stability with this approach. Moreover, the performance of the
designed PI controller can be adversely affected by model uncertainties and vari-
ations in circuit parameters. Finite gain of the PI controller at the double-line

frequency implies that it cannot effectively suppress the double-line frequency
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ripple without resolving to the use of large and bulky dc-bus capacitance. In the
literature, various control methods have been proposed to enhance the dynamic
response of the frond-end dc-dc converter and to reduce the amplitude of the
double-line frequency ripple component without increasing de-bus capacitance.

To enhance the transient response of DAB converter to load current and refer-
ence voltage changes a lookup table based feedforward control method is proposed
in [87,88]. In the proposed method a first-order linearised dynamic model that
relates the transient response of the converter to load current and reference volt-
age changes is derived. Based on the derived converter’s model a lookup table is
constructed. During each switching cycle, the converter parameters are used to
estimate the load current. Based on the estimated load current, a feed-forward
phase-shift term is obtained from the lookup-table and added to the output of PI
controller. Since the lookup table and the estimated load current are computed
based on nominal converter parameters, there might be discrepancies between
the desired phase-shift and the commanded phase-shift.

To improve the dynamic response performance of DAB converter a dual-loop
current-mode control is proposed in [89-95]. In [89], a feedforward-based peak-
current-mode control is proposed to regulate the output voltage and enhance the
dynamic response performance of DAB converter. With the proposed method the
conventional PI controller in the outer voltage loop is replaced by a feedforward
block. The feedforward block uses the converter’s input and output voltages and
the input power as the inputs to generate a peak-current reference signal for the
inner current loop. For the implementation of the inner-current loop, the actual
inductor current is sensed using a current sensor. The sensed inductor current
is then compared to the calculated peak current reference signal to generate
the switching signals for the secondary bridge of the DAB converter. However,
the proposed control method requires additional voltage and current sensors and

precise knowledge of the transformer’s turns ratio.
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In [90-92], a digital predictive current-mode control is presented, where in-
stead of sampling the actual average inductor current which will require an analog-
to-digital converter (ADC) with high sampling rate, the transformer current is
sampled once at the beginning of each switching cycle and the required phase-shift
for the next switching cycle is calculated using the nominal values of converter
parameters. To further improve the performance of peak-current-mode control,
a predictive valley-peak-current-mode control is proposed in [93]. Instead of con-
trolling only the peak value of inductor current, both the peak and valley values
of inductor current is actively controlled. A current-mode control method with
load current feedforward is proposed in [94]. With the proposed method, linear
and nonlinear load current feedforward formulas are derived based on which a
feedforward term is added to the output of PI controller to enhance the dynamic
response performance of DAB converter.

As an alternative to conventional PI control, a boundary control method for
DAB converter is proposed in [96,97]. The natural voltage-current trajectories
of DAB converter are derived and used to produce the switching signals for the
two active bridges. To eliminate the dc bias in inductor current and to improve
the dynamic response performance of DAB converter during fast load change, a
double-sided modulation strategy is proposed in [98 99]. As opposed to single-
sided modulation scheme where the switching signals for one of the bridges is
fixed and the switching signals for the other bridges are phase shifted according
to the control signal, the proposed double-sided modulation scheme distributes
the required phase shift during transient events among the primary bridge and sec-
ondary bridge according to an optimized ratio. As an alternative to conventional
PI control method, a Lyapunov-based control law is derived and successfully ap-
plied to a resonant dc-dc converter in [100] to enhance its transient response
performance and regulate its output voltage.

A disturbance observer based nonlinear control method is proposed in [101,
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102] for DAB converter, where a nonlinear disturbance observer is used to esti-
mate the direct and quadrature components of inductor current. The two cur-
rent components are used to control the active and reactive power of a DAB
converter, respectively. However, the proposed control method requires an extra
current sensor to sense the converter’s input current. A virtual direct power con-
trol method is proposed in [103] to improve the dynamic response performance
of DAB converter. With the proposed method, during each switching cycle, the
desired phase shift value is calculated based on the sampled load current and
input/output voltages and added to the output of PI controller. In [104,105], a
unified-phase-control with power balancing strategy is proposed to enhance the
efficiency and to improve the dynamic response performance of DAB converter.
One major disadvantage common to both virtual direct power control and unified-
phase-control with power balancing is that they require the use of extra voltage
and current sensors which will introduce additional losses and will increase the
bulkiness of the converter.

In [106, 107], a proportional-integral-resonant (PI-R) controller is utilized to
mitigate the double-line frequency oscillation and to regulate the output voltage
of DAB converter. With the proposed method, the two poles of the resonant con-
troller are placed at the double-line frequency in order to achieve a high loop gain
at the frequency. However, the addition of extra poles will increase the system
order and may result in degraded dynamic response and reduced phase margin
at other frequencies. Another approach for reducing the double-line frequency
ripple on the dc-bus voltage is by shaping the output impedance of converter.
A virtual impedance based control method is proposed in [108,109] to reduce
the double-line frequency ripple in the dc-bus voltage, where a band-pass filter is
incorporated in the inductor current’s feedback path to increase its impedance.
In [110] and [111], a method to shape the output impedance of the front-end DAB

dc-dc converter is proposed. Instead of using a single-loop voltage-mode control,
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a dual-loop voltage-mode control is proposed. A DAB converter will exhibit dif-
ferent closed-loop output-impedance characteristics depending on the feedback
gain selected for the inner voltage-loop.

To reduce the second-order harmonic current in the front-end dec-dc converter,
instead of using a constant dc-bus reference voltage, the dc-bus reference volt-
age is varied according to load current so the dc-bus capacitor nearly provides
all the ripple [112,113]. The proposed solution however, requires a large dc-bus
capacitor and induces large fluctuations of dc-bus voltage which will have nega-
tive effect on inverter’s output voltage quality. In [114], a disturbance observer
based load current feed-forward control method is used to improve the transient
response performance of DAB converter and to reduce the double-line frequency
ripple on the dc-bus voltage. Instead of sensing the actual load current which
will require an additional current sensor and will incur power loss, a nonlinear
disturbance observer is used to estimate load current. However, the accuracy of
the estimated load current strongly depends on the accuracy of the estimated

converter parameters.

4.4 Conclusion

In this chapter, the steady-state operating principle of the front-end DAB
converter and single-phase inverter are presented. When DAB converter is used
to drive a single-phase inverter, there exists an ac-ripple component in the dec-bus
voltage oscillating at twice the inverter’s output frequency due to the pulsating
instantaneous output power of the inverter. This double-line frequency ripple
component can result in a reduced lifetime of the dc-bus capacitor and affects the
inverter’s output voltage quality. Therefore, it is necessary to minimize its ampli-
tude in the dc-bus voltage. The problem is rooted in the controller design of the

front-end dc-dc converter. To enhance the dynamic response performance of the
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front-end DAB converter and to reduce the amplitude of the double-line frequency
ripple in the de-bus voltage, various control methods have been proposed in liter-
ature. However, most of these control methods are based on an ideal small-signal
converter model where model uncertainties and variations in converter parame-
ters are not taken into consideration. Maintaining superior closed-loop dynamic
response performance in-spite of model uncertainties and parameter variations is

still a problem that needs to be addressed.
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Chapter 5

Disturbance Observer Based
DC-Bus Voltage Control for
Ripple Mitigation and Improved
Dynamic Response in Two-Stage

Single-Phase Inverter System

In Chapter 4, various control methods proposed in the literature for the en-
hancement of the dynamic response of front-end dc-dc converter are discussed.
However, majority of these control methods can only deal with external distur-
bances such as load current and input voltage changes, while variations in circuit
parameters and model uncertainties are not considered. In this chapter, a distur-
bance observer based control strategy for front-end DAB converter is proposed
to enhance its dynamic response performance and to mitigate the double-line fre-
quency ripple on the dc-bus voltage of a two-stage single-phase inverter system.

The proposed disturbance observer is designed based on the least amount of

plant information and is combined with a proportional controller to form a de-
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coupled composite controller [116-120]. The input to the disturbance observer
is the sensed dc-bus voltage and control signal. Hence, the proposed solution
does not require additional voltage or current sensor. By using this informa-
tion, the disturbance observer can accurately estimate and compensate for the
lumped disturbance which includes external disturbances, model uncertainties,
and circuit parameter variations due to temperature and aging effects. With
this disturbance sources accounted for and their effects compensated, superior
control performance can be achieved over a wide range of operating conditions.
Moreover, with the proposed solution, the output current of DAB converter can
closely track the inverter’s input current and therefore effectively minimizes the
double-line frequency ripple on the dc-bus voltage without resolving to the use

of large and bulky bus capacitance.

5.1 Analysis and Modeling of Two-Stage Single-
Phase Inverter System

Fig. 5.1 shows a two-stage single-phase inverter system which consists of a
DAB dc-de converter driving a single-phase inverter. Single-phase-shift (SPS)
modulation is by far the most widely used modulation scheme for controlling
the output power of DAB converter. As shown in Fig. 5.2 a phase shift is
introduced between the primary and the secondary bridge, and power flows from
the bridge having a leading phase to the bridge having a lagging phase. The
amount of power transferred from the leading bridge to the lagging bridge is

given by equation (5.1) [121-126].

nVin Vaed(1 — d)

P=
2fsL

(5.1)

where n = % is the transformer turns ratio, Vj, is the input voltage, Vj. is the

s
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Figure 5.1: DAB dc-dc converter driving a single-phase inverter.
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Figure 5.2: Operating waveforms of DAB converter under single-phase shift mod-

ulation.

dc-bus voltage, d is the phase shift between the primary and secondary bridge

voltages, f, is the switching frequency and L is the energy transfer inductance.

From the power equation of the DAB converter, the average current flowing

out of the secondary bridge I,, can be calculated as follows:
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~ nVppd(1 —d)
Ios = QfT (5.2)

By taking the partial derivative of equation (5.2), the small-signal value of
the output current of the secondary bridge can be obtained and is given by

equation (5.3).

s = 057 (5.3)

The single-phase inverter which is controlled by using sinusoidal pulse-width
modulation (SPWM) scheme is connected as a load to the front-end de-dc con-
verter. From the viewpoint of the disturbance observer, the inverter load can be
treated as an equivalent dc resistance given by equation (5.4), calculated based on
the average inverter’s input power [127-131], while the double-line frequency rip-
ple is regarded as a form of disturbance which will be estimated and compensated
by the disturbance observer.

Rineq = Veeltpiny (5.4)
] Veirms
where V. is the dc-bus voltage, V, ,...s is the inverter’s rms output voltage, and
Ry, inv 1s the inverter’s load resistance.

Based on equation (5.3) and equation (5.4), the small-signal average model of

the DAB converter driving a single-phase inverter is shown in Fig. 5.3, where 4,

Rin_eq

Figure 5.3: Small-signal model of DAB converter driving an inverter load.
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and 7, is the small-signal load current and small-signal perturbation to the load

current, respectively.

5.2 Disturbance Observer Design

In order to achieve a fast transient response and to suppress the double-line
frequency ripple on the de-bus voltage, a disturbance observer is designed to esti-
mate the total disturbances affecting the dc-bus voltage and the observer’s output
is added to the control signal for compensating these disturbances. Fig. 5.4 shows
the block diagram of the proposed controller which consists of a disturbance ob-
server and a feedback controller. Here, the feedback controller is designed to
achieve the required phase margin and cross-over frequency, while the distur-
bance observer is used to estimate and compensate for the lumped disturbance
which includes model uncertainties and circuit parameter variations. Based on
the average model of the two-stage single-phase inverter system (since disturbance
observer is designed based on nominal plant’s information, the perturbation to
load current is set to zero, i.e. i,=0), and applying Kirchhoff’s current law, the
differential equation describing the dc-bus capacitor dynamics can be written as

follows:

d'&dc _ @dc an(l — 2d>d
dt B Rin,equc 2fs[JC’dc

(5.5)

Equation (5.5) can be rearranged as equation (5.6)

Phase-Shift N
Modulation

Gcamp

Vt]c—ref

Ve fi Disturbance [*¢
Observer

Figure 5.4: Block diagram of disturbance observer based voltage-mode control.
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Ve = fi(Dge, f1) + ofi (5.6)

where fi(Tge, 1) = a¥g + (b — b,)fi is the lumped disturbance which includes

external disturbances, circuit parameter variations and model uncertainties, with

S 1 b_an(l—Zd)
B Rin,eq C’dc B 2 f s L Cdc
b, = ano(l - Qdo) —d

2fSLOOdCO

where V;,0, Lo and Cy represents the nominal values of the input voltage, in-
ductor, and bus capacitor, respectively.

The disturbance observer for this system can be designed using equations (5.7)
and (5.8) [132,133].

~

{.)dc - ft + Bl (f}dc - 5(10) + boﬂ (57)

Jgt = B2(Vge — 5dc> (5.8)

where 5dc is estimated value of the dc-bus voltage v, ft is the estimated value
of the lumped disturbance and (;, 55 are the observer gains.
Defining the estimation errors as e; = 04, — Dae and eg = fi(Vge, 1) — f,, the

following equation can be obtained.

-~

é1 = Vge — Vge = €3 — Prey (5.9)

és = fi(Tges 1) — fo = fi(Baer i) — Boer (5.10)
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Equation (5.9) and equation (5.10) can be rearranged as equation (5.11).

ée=Ae+d (5.11)
with
e — 1 0
e= ! A, = b b = '
€2 —52 0 ft(ﬁdc, /])

If B; and [, are strictly positive, the roots of the characteristic polynomial
of A will exist on the left-half of the s-plane, in which case A will be Hurwitz
stable and the estimation error will converge exponentially to zero. In other
words, the estimated states will converge to the actual states. The time-domain

solution of equation (5.11) is given by,

t
e(t) = ef=ltg(t,) +/ eAet=B(7)dr (5.12)
to

If A, is Hurwitz stable, there exists a constant ¢ > 0 such that || eAe(t—t) ||<

AMAe)

ce~ 2 (t7t) [134-137]. It can therefore be concluded from equation (5.13) that

the error dynamics is bounded in a finite time Ty, i.e. || e(t) || <€, YVt > T, > 0,
where € is a small positive constant. For small estimation error, A(A,) should be

chosen to be sufficiently large.

t
el < e elt) [+ [ oS0 | (o) | ar

to

A(Ae)

<ce 2 ) e(to) || -

2c
)\(Ae)tosgurbgt | @(7) | (5.13)

For different values of 5; and [, it is expected that the disturbance observer,

and hence the DAB converter, will exhibit different transient response character-
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istics, therefore a careful design of the observer gains is mandatory and will be

discussed next.

5.3 Parameter Selection and Controller Design

In this section, the disturbance observer gains are selected based on a fre-
quency domain analysis of the estimation error dynamics. Based on the selected
observer gains and the resulting converter’s loop gain, a feedback controller will

be designed for the DAB converter.

5.3.1 Selection of Disturbance Observer Gains

Let 3 and 3, be 2w, and w?, respectively, where ¢ and w, represents the
damping ratio and the undamped natural frequency of the closed-loop error es-
timation system. Substituting the value of 5, and fs, equation (5.7) and equa-

tion (5.8) can be rearranged as follows:

X = AX + BU (5.14)
with
2w, 1 Dde bo 2w 7
A | X=|"" B= Wl g | P
—w? 0 fe 0 w? Ve

The input to the disturbance observer is the control signal i and the sensed
bus voltage v4., while the output of the disturbance observer is the lumped dis-
turbance ft. The s-domain transfer function from the control signal ji to the
lumped disturbance ft with 94. = 0 and from the bus voltage 4. to the lumped

disturbance f, with i = 0 is given by equation (5.15) and equation (5.16), re-
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spectively.

fils) _ l } -t bo
Gf#—ms) =10 1|[s] —A] .
—w2b,
T 2 20ws + w? (5.15)
fi(s) o | 2wn
G = gay o 1|4 o2
w2s

= 5.16
s2 + 2Cwy, s + w2 ( )

The small-signal open-loop, control-to-bus voltage and load current-to-bus
voltage transfer function can be obtained from Fig. 5.3, and is given by equa-
tion (5.17) and equation (5.18), respectively. Fig. 5.5 shows the small-signal
block diagram of the DAB converter under disturbance observer based voltage-
mode control. The transfer function from the compensated error signal v, to the

dec-bus voltage 4. is given by equation (5.19).

Vdc-ref

= Vdc
GVdcd _@

Figure 5.5: Small-signal block diagram of disturbance observer based voltage-
mode controller for DAB converter.
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. nV}anfeq(l — 2d)
~ 2f,L(1+ 8Rip_cqCac)

~clc
G’Udcd - —=
d

G o f)dc o Rin,eq
Vdeto ~
“ —1 1+ SRin,equc

~ —1,—sT,
Vde Gvdcdbo e 5td

(5.17)

(5.18)

Gopv, = — =
de B 1+ Gugaby e T(GruGrly + Groy)

(5.19)

Fig. 5.6 shows the pole-zero map of G,, ., for different values of w, and a

damping ratio of 1. As w,, increases, the poles move towards infinity on the left-

half of the s-plane. The higher the value of w, the faster will b

response of the system. However, a higher value of w,, will introd

e the transient

uce more high-

frequency noise to the system. Thus, there is a trade-off between the transient

response performance and the noise level of the system.

5.3.2 Controller Design

The closed-loop transfer function of the DAB converter, i.e.

Uae, 18 given by equation (5.20).

Pole-Zero Map
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Figure 5.6: Location of poles and zeros of G, ., as a functi
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G o f)dc o Gcomvadec 5.20
VdcVdc—ref ~— - 1 G G ( ° )
Vdc_ref + comp T vgcUc

where Gomyp is the feedback controller to be designed and G, ,, is given by equa-
tion (5.19). The low- and high-frequency response of G, ., can be approximated,

respectively, as:

w < Wy
VdcVe ~ (521)

Gy abyte™1e w> w,

W =

Vdce

From equation (5.21), it can be observed that, at frequencies much lower
than the observer’s bandwidth, the uncompensated plant can be approximated as
an integrator. Thus, a simple proportional (P) or proportional-derivative (PD)
controller can be used as feedback controller to obtain zero steady-state error
and the desired phase margin. Fig. 5.7 shows the bode plot of the compensated
converter’s loop gain with a proportional controller, which is designed to have a
crossover frequency of 500 Hz with a phase margin of 87°.

It should be emphasized that, provided that the crossover frequency is sig-
nificantly below w,, the compensated loop gain is insensitive to variations in
wn, hence w, can be selected independently to meet certain transient response

requirements without affecting the converter’s stability condition.

5.3.3 Closed-Loop Output Impedance

From the control block diagram depicted in Fig. 5.5, the closed-loop output
impedance of the DAB converter can be derived as given by equation (5.22) and
plotted in Fig. 5.8 with w, as parameter. The closed-loop output impedance of
the DAB converter under PI control with the same crossover frequency is included

on the same plot for comparison.
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Figure 5.7: Bode plot of DAB converter’s loop gain with proportional control and
disturbance observer included.
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Figure 5.8: Closed-loop output impedance of the DAB converter with disturbance
observer based control.

ﬁdc o Gvdcio

Jog = — =
ol —lo 14 (G v +Geomp)Gugae”*Td
Grue *Td+b,

(5.22)

It can be seen that, despite having the same crossover frequency, the DAB

converter under disturbance observer based control exhibits a lower closed-loop
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output impedance than that under PI control at frequencies below the crossover
frequency. In addition, a higher w, has a stronger attenuation effect on the
closed-loop output impedance and its variation does not alter the crossover fre-
quency, and hence the stability design, of the DAB converter appreciably. As a
result, disturbance observer with a higher w, is expected to be more effective in

mitigating the double-line frequency ripple on the dc-bus voltage.

5.3.4 Digital Implementation of the Proposed Control Method

For practical implementation on digital signal processor (DSP) the proposed
disturbance observer designed in the s-domain is mapped to the z-domain by
applying bilinear transformation (equation 5.23) to equation (5.15) and equa-

tion (5.16) and the result is given by equation (5.24) and equation (5.25).

221
T, 241

s (5.23)

where T, = fi is the sampling frequency, which is equal to the converter’s switch-

ing frequency.

fi(z)  Bo+ Bzl + By

G p— pu—
su(2) f(2) 14+ Ajz71 4+ Apz—2

(5.24)

a (2) . f;(Z) - DO —+ Dlz*1 + Dgzi2
T = 5 (z) 14 Crzt + Coz2

(5.25)

where fi(z) and Tg.(2) is the input to the disturbance observer and f,(z) is the
output of the disturbance observer.

By applying the shifting property of the z-transform to equation (5.24) and
equation (5.25) the linear difference equation for digital implementation can be
obtained and is given by equation (5.26) and equation (5.27), where the coeffi-

cients of the difference equations in terms of the disturbance observer bandwidth,
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damping ration and sampling frequency is given by equations (5.28)-(5.37) .

~

filn] = Boji[n] + Bifin — 1] + Bofiln — 2] — Ay filn — 1] — Ay filn — 2] (5.26)

filn] = Dotge[n] + Ditge[n — 1] 4 Datge[n — 2] — Cy filn — 1] — Cofeln — 2] (5.27)

T? W2 b
By = — s Pn Do 5.28
0 T2 w2 +4CTs wy, +4 (5.28)

272 w2 b
B, = — s “n 7o 5.29
! T2 W2 +4CT, w, + 4 (5.29)

T? W2 b
By =— s “n 20 .
2T T2 W2 4 AT, w, + 4 (530)
2(T? w2 —4)
= s 5.31
PTT2 W2+ ACT, w4 (5:31)
a D wn —ACT, w, 14 (5.52)
2T T2 W2 ACT, w, + 4 '
2T w?
Dy = n .
O T2 W2 4 ACT, w, + 4 (5:33)
Dy =0 (5.34)
2T >
Dy = “n (5.35)

T2 w2+ ACT, w, + 4
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217 wy = 4)

i =
PTT2 02 4 AT, w, + 4

(5.36)

T2 w2 — AT, w, + 4
T2 W AT w, + 4

Cs (5.37)

5.4 Experimental Results

To demonstrate the effectiveness of the designed controller, a DAB dc-de con-
verter prototype was designed and tested under two sets of experimental condi-
tions. In the first experiment, a resistive load is connected to the DAB converter
and step load changes are applied, while in the second experiment, the DAB con-
verter is used to drive a single-phase inverter. Fig. 5.9 shows the photo of the
experimental prototype, where the specifications of the DAB converter and the

inverter are given in Table I. The output voltage of the DAB converter is sam-

Full Bridge Inverter

Inverter LC Filter

DAB Secondary Bridge

Volta!e Sensor

II
|
TI-TMS320F28379D

Figure 5.9: Photo of the experimental prototype.
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Table 5.1: Specifications for the experimental prototype.

DAB Converter

Input Voltage Vi, 200 V
dc-bus Voltage V. 100 V
Rated Output Power P, 250 W
Switching Frequency f 50 kHz
Turns Ratio N 2:1
Inductance L 160 pH
dc-bus Electrolytic Capacitor 150 pF
Controller TT TMS320F28339D
Inverter
Output Voltage V, 50 Vims
Modulator Frequency fi, 50 Hz
Carrier Frequency f, 50 kHz
Filter Inductor L 500 pH
Filter Capacitor Ct 20 pF

pled using an isolated voltage sensor. The sensed analogue voltage signal is then
converted to digital signal using the on-chip analogue-to-digital converter (ADC)
of the TMS320F28379 digital signal processor (DSP). The algorithms for the
PI controller and the disturbance observer are executed in the interrupt service
routine at a fixed frequency, equal to the switching frequency of the converter.
The output of the controller is fed to the on-chip digital-pulse-width modulator

(PWM) to generate the switching signals for the primary and secondary bridges.

5.4.1 Experiment 1: Response to Step Load Change

Fig. 5.11a shows the transient response of the DAB converter under step load
increase of 0.5A — 2.5A and a well-tuned PI controller with a crossover frequency
of 500 Hz and a phase margin of 66° (c.f., Fig. 5.10). The peak voltage undershoot

is 2.5 V and the settling time is approximately 1.6 ms. The transient response of
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Bode Diagram
Pm = 66.4 deg (at 500 Hz)
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Figure 5.10: Bode plot of DAB converter’s loop gain with PI control.
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Figure 5.11: Measured transient response of the DAB converter to a step load
change of 0.5A <> 2.5A under PI control.
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the DAB converter under step load decrease of 2.5A — 0.5A with the same PI
controller is shown in Fig. 5.11b. The settling time is approximately 2 ms and

the peak voltage overshoot is 3 V.

When disturbance observer based voltage-mode control is implemented on the
DAB converter, the corresponding transient response under step load increase of
0.5A — 2.5A is shown in Fig. 5.12a with an observed voltage undershoot of only
1.5 V, which is reduced by 40% compared to the case with PI controller, and the
settling time is reduced by 75% to 0.4 ms. A similar degree of improvement is
observed in the transient response of the DAB converter under step load decrease
of 2.5A — 0.5A, shown in Fig. 5.12b, from which a voltage overshoot of 2 V and
a settling time of approximately 0.8 ms have been measured. Hence, the dynamic

response of the DAB converter has been improved significantly with disturbance
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Top Trace (DC-bus voltage V., AC coupled): 2.5V/Div.
Middle Trace (Inductor current 1;): SA/Div.
Bottom Trace (Load current 7, ): 2A/Div.

Figure 5.12: Measured transient response of the DAB converter to a step load
change of 0.5A <> 2.5A under disturbance observer based voltage-mode control.
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Bottom Trace (Load current 7, ): 2A/Div.

Figure 5.13: Measured transient response of the DAB converter to a step load
change of 0.5A < 2.5A under disturbance observer based voltage-mode control
and reduced controller’s bandwidth.

observer based control.

Fig. 5.13a and Fig. 5.13b show the step-up and step-down transient responses
of the DAB converter with a step load change of 0.5A <> 2.5A and 50% decrease in
closed-loop bandwidth. It can be observed that in-spite of a 50% reduction in the
closed-loop bandwidth, the DAB converter still exhibits similar undershoot and
overshoot in output voltage during step load changes with very slight increase in
settling time. This verifies the decoupling between the action of the proportional
feedback control and that of the disturbance observer which is a form of feed-
forward compensation. As a result, the feedback controller can be designed for
stability by achieving certain specified phase margin and crossover frequency,

while the disturbance observer is mainly employed to handle fast transient events.
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Fig. 5.14 and Fig. 5.15 shows the transient responses of the DAB converter to
a sequence of step load change 0.5A < 2.5A with 20% decrease and increase in
dc-bus capacitance respectively. It can be seen from the results that despite the
large variation in the dc-bus capacitance the resulting undershoot and overshoot
in output voltage remains essentially unchanged. Similarly from Fig. 5.16 it can
be observed that with 20% decrease in input voltage and disturbance observer
based control the transient response of the DAB converter virtually remains the
same. These results confirm that the DAB converter’s dynamic response is not
sensitive to variations in converter’s power-stage parameters and operating points

under disturbance observer based control.
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Bottom Trace (Load current 7, ): 2A/Div.
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Figure 5.14: Measured transient response of the DAB converter to a step load
change of 0.5A <> 2.5A under disturbance observer based voltage-mode control
and 20% decrease in de-bus capacitance.
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Figure 5.15: Measured transient response of the DAB converter to a step load
change of 0.5A <> 2.5A under disturbance observer based voltage-mode control
and 20% increase in dc-bus capacitance.
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Figure 5.16: Measured transient response of the DAB converter to a step load
change of 0.5A <> 2.5A under disturbance observer based voltage-mode control
and 20% increase in input voltage.
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5.4.2 Experiment 2: DAB Converter Driving a Single-

Phase Inverter

In this experiment, a single-phase inverter is connected to the output of the
DAB converter, and a resistive load of 10 §2 is connected to the output of the
inverter. The steady-state waveforms of the DAB converter driving an inverter
when its output voltage is regulated using a PI controller and a disturbance
observer based voltage-mode controller is shown in Fig. 5.17a and Fig. 5.17b,
respectively. In both figures, the top trace is the inverter’s output voltage, the
2nd trace is the dc-bus voltage, the 3rd is the inverter’s input current, and the

bottom trace is the inverter’s output current.
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(b)
Time: 10ms/Div.
Top Trance(Inverter’s output voltage, AC coupled): 100V/Div.
2nd Trace (DC-bus voltage, AC coupled): SV/Div.
3rd Trace (Inverter’s input current): 20A/Div.
Bottom Trace (Inverter’s output current): 10A/Div.

Figure 5.17: Steady-state waveforms of DAB converter driving an inverter load
when the de-bus voltage is regulated by (a) PI control (b) disturbance observer
based control.
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It can be seen from Fig. 5.17a that, when the inverter is connected to the
output of the DAB converter with its output voltage regulated by PI controller,
there exists a significant double-line frequency ripple on the dc-bus voltage. The
size of the ripple voltage on the dc-bus is closely correlated to the design of
the PI controller which has to be designed to meet both stability and transient
response requirements, hence some trade-offs in design are typically inevitable.
On the contrary, with the implementation of disturbance observer based voltage-
mode control, the double-line frequency ripple is effectively suppressed without
additional hardware, as shown in Fig 5.17b. The reduction in the double-line
frequency ripple on the dc-bus voltage can be more clearly visualized from the
Fast Fourier Transform (FFT) analysis of the dc-bus voltage. Fig. 5.18a and
Fig. 5.18b shows the FF'T of the de-bus voltage under PI control and disturbance
observer based control, respectively. The effectiveness of the disturbance observer

based control is verified by the over 50% reduction in the double-line frequency
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Figure 5.18: FFT spectrum of de-bus voltage when the de-bus voltage is regulated
by (a) PI control (b) disturbance observer based control.
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component compared to the case of PI control. Fig. 5.19a and Fig. 5.19b
shows the steady-state waveforms of the DAB converter driving an inverter when
the dc-bus voltage is regulated using a disturbance observer based voltage-mode
controller with 20% decrease and increase in dc-bus capacitance, respectively. It
can be seen from the results that despite variations in the dc-bus capacitance the
dc-bus voltage ripple remains essentially unchanged.

Finally, Fig. 5.20a and Fig. 5.20b compare the FF'T of the inverter’s output
voltage when the dc-bus voltage is regulated by PI control and disturbance ob-
server based control, respectively. As expected, since there exists a significant
double-line frequency component on the dc-bus voltage when it is regulated by

PI control alone, it follows that a larger third-order frequency component arising

Tek stop X Moise Filter Off

~ o~~~ o~
Ef -0 o X \/ \\// -
" N M - [ o
- 100y By By i i i i i i
Ep 004 By ER 1004 E\-.IJ[‘lll.Ums JlE® so0v 43,9235 Hz 080307 |

(2)

Tek stop o Hoise Filter Off

= W R J/ -:\_/?/ NS
& 00V By [ W) i i i i i
& 2004 B @D 1004 ®fiooms 00 )@@ s160Y  a3sieiHgosnaos |

(b)
Time: 10ms/Div.
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2nd Trace (DC-bus voltage, AC coupled): SV/Div.
3rd Trace (Inverter’s input current): 20A/Div.
Bottom Trace (Inverter’s output current): 10A/Div.

Figure 5.19: Steady-state waveforms of DAB converter driving an inverter load
when the dc-bus voltage is regulated by disturbance observer based control and
variation in de-bus capacitance (a) 20% decrease in de-bus capacitance (b) 20% in-
crease in dc-bus capacitance
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Figure 5.20: FFT spectrum of inverter’s output voltage when the dc-bus voltage
is regulated by (a) PI control (b) disturbance observer based control.

from the intermodulation of the fundamental component of the inverters output
voltage and the double-line frequency ripple component in the DC-bus voltage
also exists at the inverter’s output voltage compared to the case of disturbance
observer based control. In the latter case, the third-order frequency component
has been reduced by more than 35%, in agreement with a similar level of re-
duction of the double-line frequency component on the de-bus voltage when it is

regulated by disturbance observer based control.

5.5 Conclusion

The problem of mitigating the double-line frequency ripple on the dc-bus
voltage of a two-stage single-phase inverter system is addressed by means of dis-
turbance observer based control. Specifically, a two-stage single-phase inverter

system consisting of a DAB dc-dc converter driving a single-phase inverter is
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studied. A disturbance observer is formulated by treating the lumped distur-
bance of the system as an extended state which is estimated and compensated in
a feed-forward manner. With this control approach, the stability and transient
response performance of the DAB converter can be optimized by designing its
feedback and feed-forward (realized by disturbance observer) compensation inde-
pendently of each other. The performance of disturbance observer based control
is compared with that of conventional PI control, and it is experimentally verified
that the former is capable of suppressing transient voltage overshoot/undershoot
by 40% under step load changes and attenuating the double-line frequency ripple

on the de-bus voltage by over 50% under the experimental conditions studied.
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Chapter 6

Enhancement of DC-Bus Voltage
Regulation in Cascaded
Converter System by a New
Sensorless Load Current

Feedforward Control Scheme

In Chapter 4, various control methods proposed in the literature for the en-
hancement of dynamic response of the front-end dc-dc converter are discussed.
However, most of these control methods are based on the use of ideal small-signal
converter model where model uncertainties and variations in converter’s param-
eters are not taken into consideration. To address this drawback, a UDE-based
dc-bus voltage control with current sensorless load current feedforward for a two-
stage single-phase inverter system is proposed in this chapter. The proposed
control method consists of a feedforward path, a UDE and a voltage feedback
loop. The load current is estimated from the average current of the DAB’s sec-

ondary bridge and lossless sensing of capacitor current is achieved using a digital
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filter and the estimated load current is fed forward to achieve fast dynamic re-
sponse. However, the estimation accuracy of the load current and calculation of
the optimum feedforward gain depends on the values of circuit parameters which
may be not known with high precision. Thus an UDE is used to compensate for
model uncertainties and parameters variations, and the voltage feedback loop is
designed to ensure good converter’s stability. As compared to traditional single-
loop voltage-mode control or voltage-mode control with load current feedforward,
the proposed UDE-assisted current sensorless load current feedforward control re-

sults in an improved dynamic response performance and reduced dc-bus voltage

ripple.

6.1 Analysis and Modeling of Two-Stage Single-
Phase Inverter System

Fig. 6.1 depicts the circuit diagram of a two-stage single-phase inverter system
comprising a DAB dc-dc converter and a single-phase inverter. Single-phase-shift
(SPS) modulation (c.f., Fig. 6.2) is by far the most commonly used modulation
method to modulate the output power of DAB converter. It can be seen from Fig.
6.2 that the primary (v,) and the secondary (v,) bridge voltages are phase shifted,
and power flows from the bridge with a leading phase to the bridge with a lagging
phase, and vice versa. The output power transferred from the leading bridge to

the lagging bridge of a DAB converter is given by equation (6.1) [121-126].

Vi Vaed(1 — d)

P =
2f.L

(6.1)

where V;,, is the input voltage, V. is the dc-bus voltage, n = % is the trans-

former’s turns ratio, d is the phase-shift between v, and vs, L is the energy

transfer inductance and f, is the switching frequency. From equation (6.1), the
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Figure 6.1: DAB dc-dc converter driving a single-phase inverter.
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Figure 6.2: Operating waveforms of DAB converter under single-phase-shift mod-
ulation.

average output current I,; of the DAB converter secondary bridge is given by:

nVi,d(1 —d)

P I (6.2)

Ios = <Z.os> =

where ( ) denotes switching-frequency-averaged value.

The small-signal variation of (i,s), with respect to variation in d is derived by

87



6. Enhancement of DC-Bus Voltage Regulation in Cascaded Converter System by a New Sensorless
Load Current Feedforward Control Scheme

taking the partial derivative of equation (6.2) with respect to d and the result is

given by equation (6.3).

fos V(1 — 2d)

N BT

(6.3)

The single-phase inverter shown in Fig. 6.1 is modulated by sinusoidal pulse-
width modulation (SPWM) method and acts as load to the front-end DAB con-
verter. From the viewpoint of UDE, the inverter load can be treated as an equiv-
alent dc resistance Ry, ., given by equation (6.4) while the double-line frequency
power fluctuation is regarded as a form of disturbance which will be estimated

and compensated by the disturbance estimator to be discussed in Section 6.3.

VdZC RL _inv
V2

o-rms

Rin,eq = (64)

where V. is the dc-bus voltage, Ry i, is the inverter’s load resistance, and V, .5
is the rms value of the inverter’s output voltage.

From equation (6.3) and equation (6.4), the small-signal average model of
the DAB converter driving a single-phase inverter can be obtained as shown in
Fig. 6.3, where Cy. is the dc-bus capacitor, 1o 1s the small-signal value of the
output bridge current, 7, and i, is the small-signal load current and small-signal
perturbation to the load current, respectively. The small-signal open-loop control-
to-bus voltage and output current-to-bus voltage transfer functions are derived
from Fig. 6.3 and the results are given by equation (6.5) and equation (6.6),
respectively.

Vi Rin_eq(1 — 2d)

oo ~—‘ic _ 6.5
dcd d 2st(1 + SRin,equC> ( )

73dc Rz’n,e
GU i, — ~ = 1 66
dete —io 1+ SRin,equc ( )
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Y
y

Figure 6.3: Small-signal model of DAB converter driving an inverter load.

6.2 Current Sensorless Load Current Feedfor-

ward

In conventional voltage-mode control, a PI controller is required to meet both
dynamic response and stability requirements and it is challenging to optimize the
design of PI controller for meeting these objectives simultaneously with one set
of design parameters. Hence, there is always a trade-off between stability and
dynamic response performance when PI control is used alone. To enhance the
dynamic response performance of power converter to fast load transients with-
out affecting stability, feedforward control has been proven to be an effective
method. Fig. 6.4 shows the small-signal block diagram of a DAB converter with
load current feedforward. Referring to Fig. 6.4, Geomp is the transfer function
of the feedback compensator, e *7¢ represents the delay due to digital imple-

mentation of the control algorithm, G, 4 is the control-to-dc-bus voltage transfer

Vdc

function, G is the load current-to-dc-bus voltage transfer function, GG;__4 is the

Vdclo
control-to-output bridge current transfer function, G;,,. is the dc-bus voltage-
to-capacitor current transfer function and Ky is the load current feedforward

gain.

From Fig. 6.4, the closed-loop output impedance of the DAB converter (i.e.

the transfer function from i, to ¥g.) can be derived as given by equation (6.7).
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Figure 6.4: Closed-loop Small-signal block diagram of DAB converter driving an
inverter load with load current feedforward.
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By setting the closed-loop output impedance of the DAB converter equal to

zero, the optimal feedforward gain can be obtained as

1
kii = —dg

tosd

(6.8)

Substituting the transfer functions Gj_4 from equation (6.3) into equation (6.8),
and ignoring the delay term for w7,; < 1, the optimal feedforward gain can be

obtained as follows:

2f,L

fpp = — 82 .
V(1= 2d) (6.9)

It can be seen from equation (6.9) that the optimal load current feedforward
gain for the DAB converter requires the values of the energy transfer inductance,
input voltage, and transformer turns ratio.

To implement load current feedforward control, information of the load cur-
rent is required. The most direct method to obtain load current information is

by using a current-sense resistor or a Hall-effect sensor. However, the former
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will incur additional losses while the latter will require an extra current sensor
which increases cost and bulkiness. An alternative method to obtain load current
information without using additional sensor, and therefore does not incur addi-
tional losses, is to estimate the load current from the output bridge current and

capacitor current according to equation (6.10).

Ty = Gos — i (6.10)

where i, is the average load current, i, is the average capacitor current and lys 1S
the average output current of the DAB converter’s secondary bridge and is given

by equation (6.3).

To estimate the capacitor current without current sensor, the method shown
in Fig. 6.5 based on the well-known impedance matching principle is applied
[57,138-140]. For the R,C, network shown in Fig. 6.5a, the following relationship

can be obtained.

. 1+ 5
Urs = t.R.,, (—1 n RCdf“) (6.11)
sRsCs

";dc . ~
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Figure 6.5: Current sensorless capacitor current sensing.
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i 1
G, = — = 6.12
o e Vde Rcdc<1 + Scdcchdc) ( )

From equation (6.11), it can be deduced that if the time constant of the dc-bus
capacitor matches the time constant of the sensing network, the voltage across
the sense resistor vgg becomes a scaled version of the capacitor current. However,
it is not practically feasible to know the time constant of the dc-bus capacitor
with high precision (e.g. both capacitance and ESR are sensitive to operating
temperature), and therefore such a current sense method is always prone to error.
In this paper, this error is estimated and compensated by an UDE which is used
to enhance the robustness of the proposed control scheme, and its design and

implementation will be discussed in the next section.

In digital implementation, the analog R,C filter is replaced by a digital filter
as shown in Fig. 6.5b and the dc-bus voltage is sensed and passed through a digital
filter having a time constant equal to that of the dc-bus capacitor. By applying
bilinear-transformation to equation (6.12), the “sensed” capacitor current can be

expressed as follows:

7uln] = Cuialn — 1] + Ca(Bae[n] — Bacln — 1)) (6.13)
with
O, = (2RcchdC — Ts) C, — 204,
b <2Rcdc0dc + TS) 2 (2Rcchdc + TS)
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6.3 UDE Assisted Sensorless Load Current Feed-

forward for DC-Bus Voltage Regulation

The performance of load current feedforward control is expected to be optimal
when the feedforward gain is optimal and the “sensed” load current information
is accurate. However, the optimality of the selected feedforward gain is not al-
ways guaranteed due to parameter variations and model uncertainties such as
the effects of un-modeled parasitic components. For this reason, in this work, an
UDE-assisted sensorless load current feedforward control method for DAB con-
verter driving an inverter is proposed to enhance the DAB converter’s dynamic
response performance and reduce the amplitude of the double-line frequency rip-
ple component in the dc-bus voltage. The block diagram of the proposed UDE-
assisted sensorless load current feedforward control is shown in Fig. 6.6 where
the load current is estimated using equation (6.10) and equation (6.13), and a
feedforward control signal is added to the output of the voltage loop’s feedback
compensator. In addition to this, an UDE is used to estimate the total lumped
disturbance due to model uncertainties and parameter variations with the aim
to achieve a robust and tight control of the dc-bus voltage. From Fig. 6.3, the
dc-bus capacitor dynamics can be expressed as follows using Kirchhoft’s current

law:

df)dc . ﬁdc an(l - 2d) ~

= — 6.14
dt Rin,echc 2stCdC ( )

which can be rearranged as equation (6.15)
Uge = alge + bd (6.15)

where
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Figure 6.6: Block diagram of UDE-assisted sensorless load feedforward for de-bus

voltage regulation.
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Equation (6.15) can be amended to include the effects of disturbance by adding

a lumped disturbance term f;.

g = alge + bd + f; (6.16)

where f, = Aabg, + Abd. Hence, the total lumped uncertainty and disturbance

can be estimated from equation (6.16) as follows [141-143]:

ft - édc - af}dc - bd (617)

However, the derivative state variable 94, cannot be measured directly, hence
it is estimated using an UDE represented by equation (6.18).

fi="fixg; (6.18)

where * is the convolution operator and gy is the impulse response of a low-pass

filter G¢(s) given by equation (6.19).
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Figure 6.7: Small-signal block diagram of UDE-based dc-bus voltage control with
estimated load current feedforward.

G(s) = (6.19)

Wie

Taking the Laplace transform of equation (6.18) gives

s (s—a). b
) = e

Wre

d = Gy, Ve + Gpad (6.20)

Based on equation (6.20), the small-signal block diagram of the DAB converter

with UDE-assisted sensorless load current feedforward control is shown in Fig. 6.7.

6.3.1 Feedback Controller Design

The feedback controller of the DAB converter is designed in this section in fre-
quency domain. The UDE estimates the total lumped disturbances by using the
sensed dc-bus voltage 4. and the phase-shift d as inputs. From equation (6.20),
the s-domain transfer function from the control signal d to the estimated lumped
disturbances ft and from the dc-bus voltage U4, to the estimated lumped dis-
turbances f; can be derived as given by equation (6.21) and equation (6.22),

respectively. From the small-signal control block diagram of the DAB converter

95



6. Enhancement of DC-Bus Voltage Regulation in Cascaded Converter System by a New Sensorless
Load Current Feedforward Control Scheme

depicted in Fig. 6.7, the transfer function from the control signal v, to the dc-bus

voltage 74, is given by equation (6.23).

fi b

G =28 = — 6.21
4= = (6.21)

fc

ft (s —a)
L= dt 22
G,f dc Udc 1 + wj (6 )

~ . Gv bfl —sTy

G’Udc’Uc = Ui = dCd ‘ (623)

Ve 1 + GvdcdbileisTd (GfdG;dlcd + vadc)
Substituting the transfer functions G4 and Gy, from equation (6.21) and

equation (6.22) into equation (6.23) gives

~ . Gv bfl —sTy
Gvdcvc = U~i = =Ty, d(cj_a) ‘ (6'24>
% 5+ LR G e )
wWfe Wi

For w < wy., equation (6.24) can be approximated as follows (wy. is selected

to be 5 times of the compensated loop gain’s crossover frequency)

(6.25)

From equation (6.25) it can be concluded that the modified plant has a dom-
inant pole open-loop characteristics, thus a simple PI controller can be used to
obtain the desired phase margin and zero steady-state error. Fig. 6.8 shows the

compensated loop-gain with a phase margin of 69° and a crossover frequency of

200Hz.

6.3.2 Closed-Loop Output Impedance

In this section, the effect of the UDE-assisted sensorless load current feedfor-

ward control on the closed-loop output impedance of the front-end DAB dc-dc

96



6. Enhancement of DC-Bus Voltage Regulation in Cascaded Converter System by a New Sensorless
Load Current Feedforward Control Scheme

converter is investigated. Based on the small-signal block diagram of Fig. 6.7,
the DAB converter’s closed-loop output impedance can be derived as given by
equation (6.26). Fig. 6.9 shows the calculated DAB converter closed-loop output
impedance under different control schemes. For a fair comparison, the same PI
controller’s parameters are used in all cases. From the figure, it can be seen that
when the dc-bus voltage is regulated by the proposed control scheme, the DAB
converter’s closed-loop output impedance has been attenuated significantly and
is consistently the lowest at all frequencies among all the control schemes consid-

ered. Next, the proposed control scheme is validated experimentally on hardware

prototype.

Ude Gv io
Zocl = —= = de — (626)
_/[:0 1 + (Gcomp+GfUdc -‘rGindC kff)G'Udcde d
b+Gfd€_STd—Giosdk‘ff6_STd
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Figure 6.8: Bode plot of converter’s loop gain with UDE-assisted sensorless load
current feedforward control.
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Figure 6.9: Closed-loop output impedance of DAB converter under different con-
trol schemes.

6.3.3 Digital Implementation of the Proposed Control Method

The uncertainty and disturbance estimator (UDE) designed in frequency do-
main can be implemented on digital signal processor (DSP) by applying bilinear-
transformation (equation 6.27) to equation (6.21) and equation (6.22) and the
result is given by equation (6.28) and equation (6.29).

2 (z-1)

S:TS z+1

(6.27)

where T, = fi is the sampling frequency, which is equal to the converter’s switch-

ing frequency.

_ fi(2) _ By+Byz!
Gl =0 = T A

(6.28)

ft(Z) 1)0 + })12_1
= = 2
Gruac(2) Dae(2) 1+Ciz71 (6.29)

where d(z) and 4(2) is the input to the UDE and f,(z) is the output of the
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UDE.

By applying the shifting property of the z-transform to equation (6.28) and

equation (6.29) the linear difference equation for digital implementation can be

obtained and is given by equation (6.30) and equation (6.31), where the coeffi-

cients of the difference equations is given by equations (6.32)-(6.37) .

~

~

filn] = Bod[n] + Byd[n — 1] — A1ft[n —1]

filn] = Dotae[n] + D1geln — 1] — Cy fyln — 1]

TSWbe

By = ———_
0 TSWfC—|—2

TSchb

By = ——
! TSWfC—{—Q

TS(,UfC -2

A =
! Tsw]cc—i—2

2 c _Ts c
DO _ CL)f LLJf a
Tswfc + 2

D — (2wyse + Tswyea)

Tswfc + 2

Tswfc -2

O, —
YT Tywpe + 2
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Figure 6.10: Hardware prototype of a two-stage single-phase inverter system.
6.4 Experimental Results

The proposed control scheme is implemented on a DAB dc-dc converter in two
different configurations to validate its effectiveness. In the first configuration, a
resistive load is directly connected at the output of the DAB converter, while
in the second configuration a single-phase inverter is connected as a load at the
output of the DAB converter. The nominal parameters of the DAB dc-dc con-
verter and the single-phase inverter are listed in Table 6.1. The control algorithm
is implemented digitally on a digital signal processor (DSP) (TMS320F28339D).
The DSP has an on-chip analog-to-digital (ADC) and a pulse-width modulator
(PWM). The dc-bus voltage is sampled using an analog voltage sensor and is
converted to a digital signal using the on-chip ADC of the DSP. The control algo-
rithm is then executed at a fixed frequency in the interrupt service routine. Based
on the output of the control algorithm, the on-chip PWM is used to generate the
switching signals for the DAB converter’s MOSFETs.
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Table 6.1: Specifications of experimental prototype.

DAB Converter

Input Voltage Vi, 200 V
DC-bus Voltage Vg, 100 V
Rated Output Power P, 250 W
Switching Frequency f 50 kHz

Turns Ratio n 2:1
Inductance L 160 pH
DC-bus Electrolytic Capacitor 150 pF

Controller TT TMS320F28339D
Inverter

Output Voltage V, 50 Vims
Modulator Frequency fi, 50 Hz
Carrier Frequency f, 50 kHz
Filter Inductor L 500 pH
Filter Capacitor Ct 20 pF

6.4.1 Dynamic Response Performance to Step Load Change

Fig. 6.12a and Fig. 6.12b shows the step-down and step-up dynamic responses
of the DAB converter when the dc-bus voltage is regulated by using a well-

tuned PI controller with a crossover frequency of 200 Hz and phase margin of

Bode Diagram
Pm = 68.6 deg (at 201 Hz)

Magnitude (dB)

Phase (deg)
: =
th =
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10’ 10! 10? 10} 10
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Figure 6.11: Bode plot of DAB converter’s loop gain with PI control.
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Figure 6.12: Step response of DAB converter with PI control.
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Figure 6.13: Step response of DAB converter with sensorless load current feed-
forward.
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68° (c.f., Fig. 6.11). The maximum overshoot and undershoot of the dc-bus
voltage is approximately 6 V with a settling time of approximately 3 ms. The
dynamic response of the DAB converter to a step load change of 0.5A <+ 2.5A with
sensorless load current feedforward control only is shown in Fig. 6.13, where the
maximum overshoot and undershoot of the dc-bus voltage is reduced to 4 V and
the settling time is reduced to 2 ms. Fig. 6.14 shows the dynamic response of the
DAB converter when the dc-bus voltage is regulated using UDE-based control
alone (i.e. without load current feedforward). The DAB converter’s dynamic
response is improved as compared to that of the previous two cases in term of

voltage overshoot /undershoot and settling time.

The dynamic response of the DAB converter is further improved when UDE-
based control is combined with current sensorless load current feedforward as
shown in Fig. 6.15. The maximum overshoot and undershoot of the dc-bus volt-

age is reduced to 2 V with a settling time of only 0.6 ms, or 1/5 of that resulted
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Figure 6.14: Step response of DAB converter with UDE-based control only.
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Figure 6.15: Step response of DAB converter with UDE-assisted sensorless load
current feedforward control.

from PI control. From these results, it can be concluded that the DAB converter
has the most sluggish dynamic response performance when the dc-bus voltage is
regulated by using conventional PI control. The DAB converter exhibits improved
dynamic response when either or both of the sensorless load current feedforward
control and UDE-based control are implemented. However, the best dynamic
response performance is exhibited by the combined effect of these two control
schemes. The reasons for this is that any nonidealities that may affect the ef-
fectiveness of load current feedforward control are compensated in large part by
the compensative actions of the UDE, making it approach the performance of an
optimal feedforward controller.

Fig. 6.16 and Fig. 6.17 shows the transient waveforms of the DAB converter
when the de-bus voltage is regulated by using UDE-assisted sensorless load cur-
rent feedforward control and 20% decrease in L and Cjy., respectively. From

these waveforms, it can be seen that in spite of large variations in converter’s pa-
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Figure 6.16: Step response of DAB converter with UDE-assisted sensorless load
current feedforward control and 20% decrease in the value of L.
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Figure 6.17: Step response of DAB converter with UDE-assisted sensorless load
current feedforward control and 20% decrease in Cj,.
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Figure 6.18: Step response of DAB converter with UDE-assisted sensorless load
current feedforward control and 20% decrease in input voltage.

rameters, the maximum overshoot and undershoot remains essentially unchanged
with only a slight increase in the settling time with decreased L. Similarly from
Fig. 6.18 it can be observed that with 20% decrease in input voltage and UDE-
assisted sensorless load current feedforward the transient response of the DAB
converter virtually remains the same. From these results it can be concluded that
the proposed control method can maintain a consistently fast transient response

performance in spite of variations in converter’s parameters.

6.4.2 DAB Converter Driving an Inverter

In this configuration, the DAB converter is used to drive a single-phase in-
verter. Fig. 6.19 shows the steady-state waveforms of the DAB converter driving
the inverter. The top trace shows the inverter’s output voltage, the second trace
shows the de-bus voltage, the third trace is the inverter’s input current (i.e. DAB

converter’s output current), and the bottom trace is the inverter’s output current.
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Figure 6.19: Steady-state waveform of DAB converter driving a single phase
inverter (a) PI control (b) sensorless load current feedforward (c) UDE-based
control (d) UDE-assisted sensorless load current feedforward.

It can be seen from Fig. 6.19a that, when the dc-bus voltage is regulated using
a PI controller, there is a large double-line frequency component present in the
dc-bus voltage. Fig. 6.19b and Fig. 6.19c¢ show that the dc-bus voltage ripple
has been reduced (by 23.1% and 11.7% respectively) when the dec-bus voltage is
regulated using sensorless load current feedforward or UDE-based control. When
sensorless load current feedforward control is enhanced by the UDE as shown in
Fig. 6.19d, the dc-bus voltage ripple is further reduced by 69.1-73.1% giving a

smooth dc-bus voltage.

The reduction in the dc-bus voltage ripple and its effect on the inverter’s
output voltage can be more clearly visualized from the Fast-Fourier-Transform
(FFT) spectrum of the dc-bus voltage and inverter’s output voltage. Fig. 6.20

and Fig. 6.21 shows the FFT spectrum of the de-bus voltage and inverter’s out-

107



6. Enhancement of DC-Bus Voltage Regulation in Cascaded Converter System by a New Sensorless

Load Current Feedforward Control Scheme

Tek stop ; 'H——I NninmrDﬂ’ Tek stop - H— Nni!afﬂmﬁlll
-] - : ] :
: o R Y T T T T 1) S @ W000H 243V
2 2 : 1| ® 2000H  763mY 1 o 2000H  83mY
i Po|_emwo0n: 248V e ; S1000H o153V |
; 2.49V (123.1%) I
: T . :
: ST 897m
1 A ] : A L H ]
@ v S00H: F i i i i ] ro 0¥ 500z }H i i i L
Myquist: 3125kHe 100ms le» 71204 R e | Iyquist: 3.125kHz [o0ms Je» r1204 P323HD30M
(@) (b)
Tek stop = Naise Filter Off Tek stop H—= Moise Filter Off
T T 3 i ] ! 3 R AT,
P N IR TR T 1] FPNS: RN UDOR. S ERI
: : o 000H  S¥ImY : : : c| o moow  ssIMY
...... S L R E ‘:‘mu,gHi 2232V 769mV (l76.2‘%)) S =100.0He = =438t |
2.86V (|11.7%) % S S AN i ST L 0 S
| S PR __.l...‘ |331V|‘\H .....
3 < m
_ J . 53ImV IO N e
100V SO00H: T SN N O, LA L. 200m. Sa0Hz ok i .
Myauist: 3125kHz [100rms [@® 71204 [T e | Iheyquist: 3.125kHz [io0rms Jem 71204 3243 H2[175425
(© (d)

Figure 6.20: FFT spectrum of de-bus voltage (a) PI control (b) sensorless load
current feedforward (c) UDE-based control (d) UDE-assisted sensorless load cur-
rent feedforward.
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Figure 6.21: FFT spectrum of inverter’s output voltage (a) PI control (b) sensor-
less load current feedforward (c¢) UDE-based control (d) UDE-assisted sensorless
load current feedforward.

put voltage under different control schemes. It can be seen from Fig. 6.20a that,

when the dc-bus voltage is regulated using PI control there is a large double-line

frequency ripple component in the dec-bus voltage leading to a large third-order

harmonic component in the inverter’s output voltage due to intermodulation be-
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tween the inverter’s fundamental frequency (50 Hz) and the double-line frequency
present in the dc-bus voltage, as evident from Fig. 6.21a. On the other hand,
when the dc-bus voltage is regulated by UDE-assisted sensorless load current
feedforward, the double-line frequency ripple component on the de-bus voltage is
significantly attenuated which results in a decrement of the third-order harmonic
component in the inverter’s output voltage, and thus improved inverter’s output

voltage quality.

6.5 Conclusion

In this chapter, a new sensorless load current feedforward control method is
proposed to achieve improved dc-bus voltage regulation in a cascaded converter
system comprising a DAB dc-dc front-end converter and a single-phase inverter.
Without using sensor, the load current is estimated from the calculated DAB’s
output bridge current and lossless sensing (with digital filter) of the dc-bus ca-
pacitor current. The effects of any nonidealities on load current estimation are
compensated by an UDE, thus making the proposed control scheme robust against
uncertainties in circuit parameters and other un-modeled effects. It has been ver-
ified experimentally that the dynamic response performance of the DAB dc-dc
converter has been significantly enhanced by the proposed control scheme in com-
parison with conventional PI control and the case when load current feedforward
or UDE-based control is used alone. When subjected to step load change, it has
led to 66.6% reduction in output voltage overshoot/undershoot and 80% reduc-
tion in settling time compared to conventional PI control. When cascaded with
a single-phase inverter, the double-line frequency ripple component in the dec-bus
voltage is reduced by 64.1% compared to conventional PI control, confirming the

effectiveness of the proposed control scheme.
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Chapter 7

Conclusion and Suggestions for

Future Research Work

In this thesis, various robust and fast control methods for dc-dc converter
have been proposed. Compared to traditional feedback control methods, the pro-
posed control schemes are hardware efficient, parameter insensitive and result in
improved transient response performance. In this chapter the main contributions
of this thesis are summarized, along with some suggestions for possible future

research directions.

7.1 Main Contributions of the Thesis

The main contributions of this thesis are summarized as follows:

1. In order to achieve good dynamic response performance and absolute sta-
bility in spite of wide range variations in power-stage component values, a
non-intrusive and hardware-efficient method for online estimation of power-
stage parameters and an autotuning controller is proposed for a digitally
controlled buck converter. With the proposed method, and for an under-

damped response, the time of the first output voltage peak T}, and the ratio
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between two successive peaks are used to estimate the resonant frequency
of the L,C, output filter, where as for an overdamped response, the reso-
nance frequency w, is estimated from the time of the first output voltage
peak 7T, and the time constants of the output voltage’s exponential decay.
Following this, the time constant of the output capacitor’s ESR zero is esti-
mated from the previously obtained resonant frequency and the measured
output voltage ripple under steady-state operation. On the basis of these
estimated parameters, the coefficients of the digital controller are tuned to
maintain a constant crossover frequency and phase margin irrespective of
variations in power-stage parameters. As a result, the proposed method
offers the advantage of being free from trial-and-error and non-intrusive;
hence, it does not disturb the converter’s normal operation. Moreover, the
proposed method is hardware efficient since no additional hardware such
as voltage and current sensors are required and can be implemented on a

low-cost microcontroller.

. To enhance the transient response of the front-end DAB converter and to
reduce the amplitude of the double-line frequency voltage ripple in the dc-
bus voltage, a disturbance observer based dc-bus voltage control for two-
stage single-phase inverter system is proposed. In the proposed method
a disturbance observer is designed by treating the lumped disturbance of
the system as an extended state, which is estimated and compensated by
the disturbance observer in real time. The major advantage of this control
solution is that only minimal plant information is needed for controller
design and that a decoupled composite controller can be realized, where the
feedback compensator is designed to meet certain stability criteria while the
disturbance observer based feed-forward compensator is designed to handle

fast transient events. Furthermore, the inputs required for the disturbance
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observer to estimate the total lumped disturbance is the sensed dc-bus
voltage and control signal, and as such the proposed control scheme does

not require any extra voltage or current sensor.

3. To achieve fast dynamic response and to reduce the amplitude of the double-
line frequency voltage ripple in the dc-bus voltage without resolving to the
computational complexity of an extended state, a new UDE-assisted sen-
sorless load current feedforward control for two-stage single-phase inverter
system is proposed. The proposed control method consists of a feedforward
path, a UDE and a voltage feedback loop. The load current is estimated
from the average current of the DAB’s secondary bridge and lossless sens-
ing of capacitor current is achieved using a digital filter, and the estimated
load current is fed forward to achieve fast dynamic response. With this
implementation, since the estimation accuracy of the load current and cal-
culation of the optimum feedforward gain depends on the values of circuit
parameters, which may be not known with high precision, an UDE is used
to compensate for any model uncertainties and parameters variations, so
that the design of the voltage feedback loop is aimed at ensuring good
converter’s stability. As compared to traditional single-loop voltage-mode
control or voltage-mode control with load-current feedforward, the proposed
UDE-assisted current sensorless load-current feedforward control results in
an improved dynamic response performance and reduced dc-bus voltage

ripple. While bringing about the benefit of low computational complexity.

7.2 Suggestions for Future Research Work

An autotuning controller based on the analysis of converter’s start-up tran-

sient and measurement of steady-state output voltage ripple for buck-type con-
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verter is presented in Chapter 3. However, many other topologies are used to
provide well-regulated dc output voltage. One obvious future work is to apply

the proposed method to other power converter topologies.

As an example, boost converter is commonly used in battery operated device
to provide a higher output voltage. Due to the presence of a moving right half
plane (RHP) zero in the control-to-output voltage transfer function (equation
7.1), its controller design is more challenging. Generally, a pole of the compen-
sator is used to cancel the effect of the RHP zero. However, due to the moving
nature of the RHP zero the converter has the tendency to become unstable with

fixed controller.

v,(58) Vi (== (1 + 2)
Gq) s) = _ RHP 2ESR 7 1
d( ) d(s) (1 _D)Q 1+ Qi;o +Z_g ( )
where
1 —D)Ry,.
WRHP — ( L) load (72)
1 (73)
WESR = ro x C, .
1-D
Wo = Gt (7.4)

Q = (1 - D)QRload\/% (75)

In Chapter 5, a disturbance observer based dc-bus voltage control for two-
stage single-phase inverter system is proposed in order to enhance the transient
response of the front-end DAB converter. It is well known that the transient

response of the converter can be improved by using a dual-loop current-mode
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control. However, with traditional dual-loop control the PI controller in both
the outer voltage-loop and inner current-loop are designed based on an accurate
small-signal model of the converter. As such the traditional dual-loop current-
mode control may not achieve the optimal dynamic response performance in the
presence of model uncertainties and converter power-stage parameters variations.
In order to retain the dynamic response performance and control the inductor
current despite of model uncertainties and converter’s parameter variations, a
nested disturbance observer current-mode control of a two-stage single-phase in-
verter system can be used.

To enhance the transient response of the front-end DAB converter a new UDE-
assisted sensorless load current feedforward control scheme for a two-stage single-
phase inverter system is proposed in Chapter 6. In the proposed method a low-
pass filter G¢(s) is used to estimate the total lumped uncertainty and disturbance.
However, for different transfer function selected for G¢(s) the DAB converter will
exhibit different closed-loop output impedance characteristics and hence different
transient response performances. Hence it will be interesting to further investigate
the dynamic and steady-state performances of a DAB converter when different

transfer functions are selected for G(s).
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