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Abstract

It is generally known that, with conventional PI control, the stability and dynamic response
petformances of a power converter cannot be optimized simultaneously. To overcome this
limitation, an uncertainty and distutbance estimator assisted sensotless load current feed-
forward control for de-bus voltage regulation is presented to achieve fast dynamic response
to load variations while stability is guaranteed by tuning PI controller. The proposed con-
trol scheme is verified on a cascaded converters system comprising a front end de-dc DAB
converter followed by a single-phase inverter as an illustrative case. Load-current feedfor-
watd is used to enhance the transient response of the front end DAB converter while an
uncertainty and disturbance estimator is used to compensate for any non-idealities arising
from model uncertainties and error in load current estimation. To validate the proposed
control scheme, experimental results obtained from a 250-W cascaded converter system
are presented and compared rigorously to the performance of conventional PI control.

Funding information
The Hong Kong Polytechnic University,
Grant/Award Number: G-YBXL

1 | INTRODUCTION

Back-to-back converters comprising a front-end de-dc con-
verter followed by an inverter are commonly used in applica-
tions such as uninterruptible power supplies (UPS), solid-state
transformers (SST), grid-integrated energy storage systems
and grid-integration of solar photovoltaic (PV) systems [1-4].
Dual-active-bridge (DAB) dc-dc converter is gaining more and
more attraction in these applications due to its bidirectional
power-flow capability, soft-switching capability, high efficiency,
and provision of galvanic isolation [5-7]. When the inverter is
connected as a load to the DAB convertet, there exists an ac-
ripple component in the dc-bus voltage oscillating at twice the
invertet’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 capac-
itor and affects the inverter’s output voltage quality. Therefore,
it is necessary to minimize its amplitude in the dc-bus voltage.

Typically, a sizeable dc-bus capacitor is employed to reduce
its magnitude, but this results in reduced power density and
increased cost of the converter system [8—10].

For the regulation of dc-bus voltage, voltage-mode or
current-mode PI controller are commonly used [11, 12]. How-
ever, the main drawback associated with PI control is that it is
challenging for a 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 compromise between stability and transient response perfor-
mance of the converter with this approach. Furthermore, varia-
tions in the converter’s parameters and model uncertainties will
adversely affect the performance of the conventional PI con-
trol method. Moreover, when the dc-bus voltage is regulated
by using a PI controller, it cannot mitigate the second-order
harmonic component in the dc-bus voltage without requir-
ing a large capacitor. In the literature, various control meth-
ods are presented to enhance the transient response of the
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frond-end DAB converter and to reduce the magnitude of the
second-order harmonic component in the dc-bus voltage with-
out increasing dc-bus capacitance [13-27].

To obtain an enhanced transient response, a lookup-table-
based feedforward compensation scheme for the DAB con-
verter has been proposed in [13]. In the proposed method, dut-
ing each switching cycle, the load current is estimated based
on the converter’s parameters’ nominal values and is used to
obtain feedforward phase-shift from a lookup table and is added
to the output of the PI controller. However, accurate knowl-
edge of the convertet’s parameters is necessary for ensuring
the effectiveness of the proposed method since any estimation
error in the load current may result in discrepancies between
the actual and desired phase-shift. Besides voltage-mode con-
trol, a current-mode control method with load cutrrent feedfor-
ward is proposed in [14]. In the proposed scheme, to obtain
improved transient response performance, linear and non-linear
load-current feedforward formulas are derived. They are used
to add a feedforward term to the output of the PI controller. A
boundary control method for the DAB converter is proposed in
[15]. The natural voltage—current trajectories of the DAB con-
verter are derived and used to produce the switching signals
for the two active bridges. In [16], a digital predictive current-
mode control is presented, where instead of sampling the actual
average inductor current, which will require an analog-to-digital
converter (ADC) with a high sampling rate. At the start of
each switching cycle, the transformer current is sampled only
once, and using the nominal values of the convertet’s param-
eters, the phase-shift required for the next switching cycle is
calculated.

An asymmetric modulation scheme for DAB dc-dc con-
verter is proposed in [17]. The required phase-shift values dur-
ing transient events are distributed according to an optimized
ratio between the primary and secondary bridges; this results in
improved dynamic response and a reduced dc-bias in inductor
current. To obtain an enhanced dynamic performance response
in resonant dc-dc converters, a control law based on the Lya-
punov method is detived [18]. In contrast to the conventional P1
controller, the proposed method does not suffer from limited
bandwidth limitation. In [19], the direct and quadrature com-
ponents of DAB’s converter inductor current are obtained by
using a non-linear disturbance observer. Each of the inductor
current components is then used to regulate the reactive and
active powers of the DAB converter, respectively. To enhance
the transient response performance of the DAB converter, a vir-
tual direct power control method is proposed in [20]. In the pro-
posed scheme, input/output voltages and the load current are
sampled, and using this information, the required phase-shift
is calculated and is added to the output of the PI controller.
In [21], a unified-phase-control with power balancing strategy
is proposed to improve efficiency and to enhance the DAB
converter transient response. 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 sensofs.

To regulate the dc-bus voltage and effectively suppress
the double-line frequency oscillation in the dc-bus voltage, a

proportional-integral-resonant (PI-R) controller is used in [22].
Two poles of the resonant controller are placed at the same
frequency as the double-line frequency to achieve a high loop
gain at that 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. A vir-
tual impedance-based control method is proposed in [23] to
reduce double-line frequency oscillation, where a band-pass fil-
ter is incorporated in the inductor current’s feedback path to
increase the impedance of the inductor current path. In [24]
and [25], a dual-loop voltage-mode control method is proposed
to shape the output impedance of the DAB dc-dc converter.
Depending on the feedback gain selected for the inner volt-
age loop, the DAB converter will exhibit different closed-loop
output-impedance characteristics. In [26], the dc-bus reference
voltage is varied according to the load current so that the dc-
bus capacitor nearly provides all the ripples. This will effectively
suppress the second-order harmonic current in the front-end
converter. The proposed solution, however, requires a sizeable
dc-bus capacitor and induces large fluctuations of dc-bus volt-
age, which will have a negative effect on the inverter’s output
voltage quality. In [27], a current sensotless load current feedfor-
watd control scheme is proposed to mitigate the second-order
harmonic component in the dc-bus voltage. In the proposed
solution, instead of using a current sensor, a non-linear distur-
bance observer is utilized to obtain the load current. However,
accurate knowledge of the converter’s parameters is required for
a precise estimation of the load current.

The control methods discussed eatlier are based on an ideal
small-signal converter model where model uncertainties and
variations in converter’s parameters are not taken into consid-
eration. To address this drawback, a UDE-based dc-bus volt-
age control with current sensotless load current feedforward
for a two-stage single-phase inverter system is proposed in this
paper. 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 sensing of the capacitor current is achieved
using a digital filter. The estimated load current is fed forward
to attain a fast dynamic response. However, the load current
estimation accuracy and calculation of the optimum feedfor-
ward gain depends on the values of circuit parameters, which
may be not known with high precision. Thus, a UDE is used to
compensate for model uncertainties and parameter variations,
and the voltage feedback loop is designed to ensure an excel-
lent converter’s stability. As compared to traditional single-loop
voltage-mode control or voltage-mode control with load cur-
rent feedforward, the proposed UDE-assisted current sensor-
less load current feedforward control results in an improved
dynamic response performance and reduced dec-bus voltage
ripple.

The organization of the rest of the paper is as follows: In
Section 2, a small-signal model for a cascaded converter system
consisting of a DAB dc-dc converter and a single-phase inverter
is derived. A method for sensotless estimation of load current is
presented in Section 3. In Section 4, a UDE is designed to com-
pensate for converter parameter variations and model uncer-
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FIGURE 1 DAB converter driving an inverter load
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FIGURE 2
modulation scheme

Steady-state waveforms of DAB converter with SPS

tainties that could lead to error in load current estimation. To
validate the proposed control scheme, results obtained from the
experimental prototype are given in Section 5. In Section 6, con-
cluding remarks are given.

2 | SMALL-SIGNAL MODEL OF THE
CASCADED CONVERTER SYSTEM

A cascaded two-stage system comprising the front-end DAB
dec-dc converter followed by a single-phase inverter is shown
Figure 1. The DAB converter is a popular choice for most appli-
cations for front-end DC-DC power conversion stage due to
its inherent advantages of soft-switching operation, symmetri-
cal and modular structure, galvanic isolation to meet the safety
requirements and bidirectional power flow capability. The most
commonly used modulation method for DAB converter is the
single-phase-shift modulation (SPS), where phase-shifted high-
frequency square wave ac voltages (c.f, Figure 2 where (»,) is
the primary bridge ac voltage and () is the secondary bridge ac
voltage) are applied across the transformers leakage inductance
for power flow control. Power flows from leading to lagging ac
voltage, with the phase-shift being used as a control variable to
modulate the output power. The output power expression for
the DAB converter controlled with SPS modulation is given by

Lo C in_eq
| ~de §

FIGURE 3  Small-signal model of DAB converter driving an inverter load

Equation (1) [28].

Vi Vacd(1 = d)

ST v

. . . 7,
where 17 is the input voltage, . is the dc-bus voltage, » = £

7,
is the transformer’s turns ratio, L is the energy transfer induc-
tance, 4 is the phase-shift between vy and 7, and f; is the con-
verter switching frequency. From Equation (1), the average out-
put current /,; of the DAB converter (c.f., Figure 1) is given
by:

b1 = d)

= @

The small-signal variation of , with respect to variation in
d is derived by taking the partial derivative of Equation (2) with
respect to 4 and the result is given by Equation (3):

G _ ;os _ ”%n(l - Zd) 3
osd 2 - foL . ( )

The DAB converter is driving a single-phase inverter that is
being controlled with sinusoidal pulse width modulation. The
inverter load can be modeled as an equivalent dc resistance
Rin_cq (£, Equation (4)) from the UDE viewpoint, whereas
the double-line frequency power fluctuation can be treated as
a disturbance to be forecasted and regulated by the disturbance
estimator as discussed in Section 4.

VIR oy
Rin_eq = Vz—’ (4)
o_rms

where 17 is the dc-bus voltage, Ry ;. is the inverter’s load

mnv
resistance, and 1] ¢ is the rms value of the inverter’s out-
put voltage.

By inspection of Equations (3) and (4), the small-signal aver-
age model of the cascaded system (i.e. a single-phase inverter
being driven by the front-end DAB converter) can be derived
as illustrated in Figure 3, where Cj. is the dc-bus capacitor, 7, is
the small-signal load current, 7, is the small-signal output bridge
current and 7, is the small-signal perturbation to the load cur-
rent. The open-loop small-signal output current-to-bus voltage
and control-to-bus voltage transfer functions can be obtained
from Figure 3 and the results are given by Equations (5) and (6),
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FIGURE 4
driving an inverter load with sensorless load current feedforward

Closed-loop small-signal block diagram of DAB converter

respectively.
G = e Wik g~ 2) ©
el =7 T 2AL + Ry cqCac)’
- R
7 in_eq
Cuc = = =TT R O ©

) - 1+ ‘rRinfchdc '

3 | CURRENT SENSORLESS
LOAD-CURRENT FEEDFORWARD

In conventional voltage-mode control, the PI controller needs
to meet two crucial requirements simultaneously, that is a fast
dynamic response and absolute stability, and it is challenging
to optimize the design of the PI controller for achieving 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 obtain
an enhanced transient response to fast load transients without
affecting stability, feedforward control is an effective method.
Figure 4 shows the small-signal block diagram of a DAB con-
verter with load current feedforward. Referring to Figure 4,
Geomp 18 the transfer function of the feedback compensator,
¢~*T4 represents the delay due to digital implementation of the
control algorithm, G, , is the control-to-dc-bus voltage trans-

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

R
function, G; 4 C1ks the control-to-output bridge current transfer
function, G; , s the dc-bus voltage-to-capacitor current trans-
fer function and K is the load current feedforward gain.
From Figure 4, the closed-loop output impedance of the
DAB converter (i.e. the transfer function from 7, to 7.) can be

derived as given by Equation (7).

J = ;dc _ G‘”dc A 7
- ~ —sTy * ( )
-7, (G‘oxnp'l"("f/(:/czvd(:)C/aC/{e

° 14 =
1_K// G;()sde_de

By setting Equation (7) equal to zero, the optimal feedfot-
ward gain can be obtained as

1
k= ———. 8
ff E_J-Td Gjnsd ( )

Vi - -
i'r i Vae ADC Pacln] Digital Filter ic[n]
Rge R, g, Reqe

(a)

FIGURE 5

(b)

Current sensotless capacitor current sensing

Substituting the transfer functions G; ; from Equation (3)
into Equation (8), and ignoring the delay term for w7; < 1, the
optimal feedforward gain can be obtained as follows:

2fL

It can be seen from Equation (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, informa-
tion of the load current 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 will incur
additional losses while the latter will require an extra cur-
rent sensor which increases cost and bulkiness. An alternative
method to obtain load current information without using addi-
tional sensor, and therefore does not incur additional losses, is
to estimate the load current from the output bridge’s current
and capacitor current according to Equation (10).

;V = ;os - Z.c9 (10)

where 7, is the average load current, 7, is the average capacitor
current and 7, is the average output current of the DAB con-
verter’s secondary bridge and is given by Equation (3).

To estimate the capacitor current without current sensor,
the method shown in Figure 5 based on the well-known
impedance matching principle is applied [29, 30]. For the R C;
network shown in Figure 5(a), the following relationship can be
obtained.

1

1+ -
~ ~ \chdc Cac
s = R, | — |, (11)
1+
SR Cy
[ 1
e T B (12)
RCdC( * JCacRcdc)

From Equation (11), it can be deduced that if the time con-
stant of the dc-bus capacitor matches the time constant of
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FIGURE 6
for de-bus voltage regulation

Block diagram of UDE-assisted sensotless load feedforward

the sensing network, the voltage across the sense resistor ['zg
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. This error is esti-
mated 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 Figure 5(b) and the dc-bus voltage
is sensed and passed through a digital filter having a time con-
stant equal to that of the dc-bus capacitor. By applying bilinear-
transformation to Equation (12), the “sensed” capacitor current
can be expressed as follows:

ie[n = Ciicln — 1] + Cy(@acln] = Facln = 11), 13)

with

C - QR Coc — 1)) 3 2C;.
b (2RchCdc + 7;) 2 (ZRchCdc + 7;) .

4 | UDE-ASSISTED SENSORLESS
LOAD-CURRENT FEEDFORWARD
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. Howevetr,
the optimality of the selected feedforward gain is not always
guaranteed due to parameter variations and model uncertain-
ties such as the effects of un-modelled parasitic components.
For this reason, in this work, an UDE-assisted sensotless load
current feedforward control method for DAB converter driv-
ing an inverter is proposed to enhance the DAB convertet’s
dynamic response performance and mitigate the second-order
harmonic component in the dc-bus voltage. The block diagram
of the proposed UDE-assisted sensotless load current feedfor-
ward control is shown in Figure 6 where the load current is esti-
mated using Equations (10) and (13), and a feedforward con-
trol signal is added to the output of the voltage loop’s feedback
compensator. In addition to this, the total lumped disturbance
due to converter parameter variations and model uncertainties
are estimated utilizing a UDE with the aim to achieve a robust

and tight control of the dc-bus voltage. From Figure 3, by using
Kirchhoff’s current law, the dc-bus capacitor dynamics can be
expressed as follows:

doye Ve nVin(1 —2d) -
= - + 7, (14)
dr Rin_eq Cdc Zf% 1 JCdc

which can be rearranged as Equation (15)

Vae = dig. + bd, (15)
where
| 1V (1 = 2d)
a = — - =
Rin_cchc 2f<] ‘Cdc

Equation (15) can be amended to include the effects of dis-
turbance by adding a lumped disturbance term f.

g = dige + bd + f, (16)

where f, = Adby. + Abd. Hence, the total lumped uncertainty
and disturbance can be estimated from Equation (16) as follows
[31, 32):

fo = Tge — dge — bd. 17

However, the derivative state variable 74 cannot be measured
directly, hence it is estimated using an UDE represented by
Equation (18).

A~

Je= K g (18)

where * is the convolution operator and g is the impulse
response of a low-pass filter G¢(s) given by Equation (19).

Gf (“0 = 1 5o (1 9)
e
Taking the Laplace transform of Equation (18) gives
N s—a |. b ~ 5 ~
ft(.f) = dc — N d= Gﬁ’(icydc - Gﬁ/d (20)
1+— 1+ —
Wre Wfe

Based on Equation (20), the small-signal block diagram of
the DAB converter with UDE-assisted sensotless load current
feedforward control is shown in Figure 7.

4.1 | Feedback controller design

The feedback controller of the DABconverter is designed in fre-
quency domain in this section. The UDE estimates the total
lumped disturbances by using the sensed dc-bus voltage 74, and
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TABLE 1  Specifications of experimental prototype
DAB converter
Input voltage 1, 200V
DC-bus voltage 14, 100V
Rated output power 2, 250 W
Switching frequency f 50 kHz
Turns ratio n 2:1
Inductance L. 160 uH
FIGURE 7 Closed-loop small-signal block diagram of DAB converter . .
driving an inverter load with UDE-assisted sensotless load current feedforward DC-bus electrolytic capacitor 150 uE
Load resistor 40 Q
Bode Diagram Controller T1 ' TMS320F28379D
Pm = 69.9 deg (at 201 Hz)
60 T T T
Inverter
_ 40 _
&
S 5% , Output voltage 1, 50 Vs
=
-:% 0 | Modulator frequency f;, 50 Hz
=
= 20 ! i Carrier frequency f 50 kHz
rossover Frequency =201 Hz
40 3 Pop il Filter inductor Z¢ 500 uH
-45 1 T T
Filter capacitor C¢ 20 uF
2 Load resistor 10Q
=
§ -135
=
Phase Margin = 69.9°
80k N Full Bridge Inverter
: ; ¢ Inverter LC Filter
10° 10' 107 10° 10*
Frequency (Hz)
FIGURE 8 Bode plot of converter’s loop gain with UDE-assisted

sensorless load current feedforward control

the phase-shift 4 as inputs. From Equation (20), the s-domain
transfer function from the compensated error signal 4 to the
total lumped disturbances 7, and from the dc-bus voltage 7y
to the total lumped disturbances f can be derived as given by
Equations (21) and (22), respectively. From the small-signal con-
trol block diagram of the DAB converter depicted in Figure 7,

Bode Diagram
20 T T T

Magnitude (dB)
A
<

-60

80 s P] Control
== Sensorless load current feedforward

UDE-based control
=== UDE-assisted sensorless load current feedforward control
-100 * : .
10° 10' 102 10° 10
Frequency (Hz)
FIGURE 9 Closed-loop output impedance of DAB converter under

different control schemes

FIGURE 10
inverter

DAB Secondary Bridge

_“Voltage Sensor

TI-TMS320F28379D

Hardware prototype of a DAB converter and single-phase

the transfer function from the compensated error signal 7. to

the dc-bus voltage 7. is given by Equation (23).

Gu=

£=—bj, 21
d 1+ =

W
b iza 22)
le 1+ —
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FIGURE 11  Step response of DAB converter with PI control
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FIGURE 12  Step response of DAB converter with sensotless load
current feedforward
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FIGURE 14  Step response of DAB converter with UDE-assisted
sensotless load current feedforward control
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FIGURE 15
driving a single-phase inverter: (a) PI control; (b) sensorless load current
feedforward; (c) UDE-based control; (d) UDE-assisted sensotless load current
feedforward

Steady-state experimental waveforms of DAB converter

=

—1 ,—s13
dc G;"dc”]b ¢

e 1+ G bl (Gf,,G[;: L+ G

(23)

Ydcle

ml

Substituting the transfer functions Gy and G, from Equa-
tions (21) and (22) into Equation (23) gives

~ —1 ,—s7;
_ Ve _ G}"dcdb ¢ ¢ 24
naele — 5 T —sTg _ * ( )
Voo o4 D o T
1+— 1+L( ned ¢
Wfc Wt

For w < wy., Equation (24) can be approximated as follows
(g is selected to be 5 times of the compensated loop gain’s
crossover frequency):

. 1

~
~

t
o

G,

Vacle

25

S—a

ml

c

From Equation (25), it can be concluded that the modified
plant has a dominant pole open-loop characteristics; thus, a sim-
ple PI controller can be used to obtain the desired phase margin
and zero steady-state error. Figure 8 shows the compensated
loop-gain with a phase margin of 69° and a crossovet frequency
of 200Hz.

4.2 | Closed-loop output impedance

In this section, the effect of the UDE-assisted sensotless
load current feedforward control on the closed-loop output
impedance of the DAB converter is investigated. From Figure 7,
the closed-loop output impedance of the DAB converter’s can
be derived as given by Equation (26). Figure 9 shows the cal-
culated closed-loop output impedance of the DAB converter
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 with the proposed control scheme,
the DAB converter’s closed-loop output impedance has been
attenuated significantly and is consistently the lowest at all fre-
quencies among all the control schemes considered. Next, the
proposed control scheme is validated experimentally on hard-
ware prototype.

Gydc 7 (2 6)
(Geomp+Cige +Gicrge#11) Guged ™"

b Gl =G gy

;dc
Zof/ ===
-7,

5 | EXPERIMENTAL RESULTS

The proposed control scheme is implemented on a DAB dc-dc
converter in two different configurations to validate its effec-
tiveness, that is, the DAB converter is terminated with a resistive
load which is then replaced by a single-phase inverter. The nom-
inal parameters of experimental prototypes ate listed in Table 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).
An analog voltage sensor is utilized to measure dc-bus voltage
which is then sampled and is converted to a digital output by
the use of an on-chip ADC of the DSP controller. The control
algorithm is then executed at a fixed frequency in the interrupt
service routine. Based on the output of the control algorithm,
the on-chip PWM module is used to generate the control sig-
nals for the switching devices of the DAB converter and single-
phase inverter.
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Dynamic performance to step load

Figure 11(a,b) represents the load step dynamic responses of
the DAB converter (terminated with resistive load) when the
voltage 17 at the dc-bus is regulated by using a well-tuned
PI controller. The maximum overshoot and undershoot of the
I is approximately 6 V and a settling time of 3 ms when
step load changes of 0.5A <> 2.5A were applied. Moreover,
the dynamic response of the DAB converter to similar load
step changes with sensotless load current feedforward con-
trol only is shown in Figure 12, where the maximum over-
shoot and undershoot of the dc-bus voltage is reduced to 4
V and the settling time is decreased to 2 ms. Figure 13 rep-
resents the dynamic response of the DAB converter when
I3 is regulated by UDE-based control alone (i.e. without
load current feedforward) and it can be seen that dynamic
response is improved as compared to that of the previous two
cases in term of voltage overshoot/undershoot and settling
time.

Figure 14 shows a further improvement in the dynamic
response when UDE-based control is combined with cur-
rent sensorless load current feedforward as shown in . The
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FIGURE 16
UDE-assisted sensotless load current feedforward

maximum overshoot and undershoot of the dc-bus voltage is
reduced to 2 V with a settling time of only 0.6 ms, or 1/5 of
that resulted from PI control. From these results, it can be con-
cluded that the DAB converter has the most sluggish dynamic
response petformance when the 17, is regulated by using con-
ventional PI control. The DAB converter exhibits improved
dynamic response when either or both of the sensotless load
current feedforward control and UDE-based control are imple-
mented. However, the best dynamic response performance is
exhibited by the combined effect of these two control schemes.
The reasons for this is that any non-idealities that may affect the
effectiveness of load current feedforward control are compen-
sated in large part by the compensative actions of the UDE,
making it approach the performance of an optimal feedfor-
ward controller.

5.2 | Dynamic petformance of DAB converter
driving a single-phase inverter

Figure 15 represents the steady-state waveforms of the DAB
converter driving a single-phase inverter. The first trace shows
the invertet’s output voltage #,, the second trace shows the dc-
bus voltage 1, the third trace is the inverter’s input current
1, (i.e. DAB converter’s output current), and the fourth trace is
the inverter’s output current 7,. It can be observed from Fig-
ure 152 that regulating I3, by using PI controller leads to a
large double-line frequency component present in the 1. Fig-
ures 15(b) and 15(c) show that the dc-bus voltage ripple has
been reduced (by 28.6% and 14.3% respectively) when the 1.
is regulated using sensorless load current feedforward or UDE-

(@)

FFT spectrum of DAB converter’s de-bus voltage 1/.: (a) PI control; (b) sensorless load current feedforward; (c) UDE-based control; (d)

based control. When sensotless load current feedforward con-
trol is enhanced by the UDE as shown in Figure 15(d), 1.
ripple is further reduced by 60% —66.7% giving a smooth dc-
bus voltage.

The reduction in the dc-bus voltage 1. ripple and its effect
on the inverter’s output voltage 2, can be more distinctively
visualized from the Fast-Fourier-Transform (FFT) spectrum of
3. and #,,. Figures 16 and 17 represent the FFT spectrum of the
5e and #, under different control schemes. It can be seen from
Figure 16(a) that, when the 1 is regulated using PI control,
there is a large double-line frequency ripple component in the
I3 leading to a large third-order harmonic component in the
invertet’s output voltage due to the intermodulation between
the inverter’s fundamental frequency (50 Hz) and the double-
line frequency present in 17, as evident from Figure 17(a).
On the other hand, when the 17 is regulated by UDE-assisted
sensotless load current feedforward, the double-line frequency
ripple component on the 1. is significantly attenuated which
results in a decrement of the third-order harmonic component
in the #,, and thus improved inverter’s output voltage quality.

6 | CONCLUSION

This paper proposes a new sensorless load current feedforward
control method 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 out-

put bridge current and lossless sensing (with digital filter) of the
dc-bus capacitor current. The effects of any non-idealities on
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FIGURE 17
UDE-assisted sensotless load current feedforward

load current estimation are compensated by an UDE, thus mak-
ing the proposed control scheme robust against uncertainties
in circuit parameters and other un-modeled effects. It has been
verified experimentally that the dynamic response performance
of the DAB dc-dc converter has been significantly enhanced
by the proposed control scheme in comparison with conven-
tional 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 66.7% reduction in output voltage
overshoot/undershoot and 80% reduction in settling time com-
pared to conventional PI control. When cascaded with a single-
phase inverter, the double-line frequency ripple component in
the dc-bus voltage is reduced by 76.2% compated to conven-
tional PI control, confirming the effectiveness of the proposed
control scheme.
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