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W N

Abstract: The power electronic transformer (PET), as a main topology for the energy router in the
energy internet, consists of the rectifiers, the dual active bridge (DAB), and the inverter, and these
three parts are connected by two dc buses. So, the performance of the dc bus voltages is very
important because it can totally affect the output waveforms of the dc and ac voltage, especially
for the voltage-sensitive loads. Compared with the proportion integration (PI) control scheme, the
energy control method utilizes the energy as the control variable, and the control strategy derived
from the energy relationship, including the passive elements and all the interfaces, is more direct
and explicit. In this paper, considering the energy between the dc bus capacitors and the input
inductor and the load and the source in the PET topology, the energy balance control (EBC) strategy
is proposed. For the two dc bus voltages, the energy balance relationship of the different time scales
is used to decouple the interaction in the control scheme. The EBC strategy can obviously reduce
the fluctuation and the transient time of the two dc bus voltages when the load power or voltage
reference is changed. Thus, under the limited voltage fluctuation, the EBC strategy can reduce the dc
bus capacitance in order to reduce the volume and weight of the converter and enhance the reliability.
The simulation and experimental results verify the effectiveness of the proposed control strategy.

Keywords: dc bus voltage; energy balance control; power electronic transformer; different time scales

1. Introduction

With the gradual implementation of China’s ‘double carbon’ goal in the distribution
network, the power electronic transformer (PET), as the main topology of the energy router,
has received wide attention [1-3]. In general, for a high-voltage, high-power converter in a
high-power system, because of the limited voltage capacity of the power semiconductor,
the topology of the module combination is usually used.

At present, the PET is connected to the distribution network through the high-voltage
interface [4-7]. There are two main topologies of the high-voltage converter, which are a
cascaded H-bridge topology [8,9] and a modular multilevel converter topology [10,11].

Using the three-stage structure with two dc buses, consisting of the rectifier, the dual
active bridge (DAB), and the inverter, the load current feed-forward control strategy was
utilized in [12] to improve the transient performance of the two dc bus voltages, and
additional current sensors were required. The power synchronization control strategy was
used to reduce the second harmonic voltage ripple by transmitting the second harmonic
power from the primary dc bus to the secondary dc bus in [13], and the output power
was set to be same phase with the input power at the same time to reduce the second
voltage ripples. In this reference, the control strategy used the power balance among
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the three stages to reduce the dc bus voltage ripples, but the transient performance was
not shown. In the cascaded topology shown in [14], in considering the differences of the
driving circuits in the PWM rectifiers, the differences of the switching characteristics of the
IGBT, and the differences of the leakage inductances of the high-frequency transformer
(HFT) in the DAB [15], four different modulation technologies and the control strategies
for the cascaded dc bus voltage and power balance were introduced. The conclusion was
that the rectifiers with the same duty cycle and the DAB used to realize the cascaded
dc bus (CDB) voltage balance represent the optimal control scheme after comprehensive
consideration of the control performance and the hardware cost. The energy stored in
the dc-link capacitor of the Static Synchronous Compensator (STATCOM), especially the
cascaded inverter-based STATCOM, whose dc-link capacitance is relatively large, and the
virtual inertial control strategy using the energy are presented, and their effectiveness
is also validated by simulation [16]. The energy-balance model was analyzed in [17] for
the two-stage, single-phase, grid-connected photovoltaic inverters, and the dc voltage
control scheme was proposed. In the feed-forward control scheme, through introducing the
energy changes of the inverter inductors to the feed-forward variable, the control method
has a better dynamic performance in the dc bus voltage compared with the conventional
feed-forward control scheme [18].

For the second harmonic of the dc bus voltage in the single-phase converter, the PI
controller does not have the capability to reduce the voltage ripple accurately, and it also
could cause a third harmonic in the grid current. To avoid the odd harmonic current and
enlarge the grid current total harmonic distortion (THD), corresponding solutions were
proposed in many papers. In [19], the moving average filter instead of the low-pass filter
was used for filtering the high and low frequency ripples of the dc bus voltage, and the
feed-forward component was added to the shunt controller to regulate the grid current
at a constant level in the presence of grid disturbances. In another method, to reduce the
output current distortion, a Finite Impulse Response (FIR) filter notch filter is employed
in the bus control system, and, to improve the dynamic performances, the input power
feed-forward is used [20]. In the single-phase grid inverter, the LLCL filters are used to
make zero impedance, and the grid-side inductor filter can be reduced. For the resonance
phenomenon in the system, an active damping method based on proportional resonance
controllers was proposed to suppress the resonance [21]. In the single-phase, grid-connected
inverter with LCL filters, the PI inner loop is stabilized by using an inherent one-beat delay,
achieved by a digital controller. Based on the inner loop system, a detailed design scheme
of a repetitive controller is presented, through which direct control of the grid current
is realized; the reference is tracked perfectly to a zero-phase shift, and high-attenuation
gain is achieved in the high frequency range. In particular, the grid-voltage feed-forward
control and the current reference feed-forward control are adopted to suppress grid-voltage
disturbance and increase the dynamic tracking performance [22]. In [23], a repetitive dc
link voltage predictor was proposed to improve the compensation performance. An area-
equalization-based algorithm was used to calculate the second harmonic and generated the
required pulse width. The minimum ripple-energy requirement was derived in [24], and a
bidirectional buck-boost converter was used as the ripple energy storage circuit, which can
effectively reduce the energy storage capacitance.

Based on the previous research, a novel control strategy is proposed in this paper,
named the energy balance control strategy. According to the energy relationship among the
sources, the passive elements, the equivalent load, and the EBC can improve the transient
performance of the voltage and power balance demands of the cascaded H-bridge. The
first section in the paper introduces the application background and the device research
status of PET and the current situation of the dc bus voltage control method and deduces
the basic principle of the energy balance control method. It is the background introduction
of the research. Section 2 introduces the equivalent circuit model of the single-phase,
two-stage PET and derives the energy relationship in the device, which is the basis of the
following research in the paper. Based on the topology in Section 2, the concrete research
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Research
point 1

points are carried out in Sections 3 and 4. The two parts are parallel. The energy balance
control method and the stability of the two-stage bus voltages (the low bus voltage and the
cascade bus voltage) are deduced and verified, respectively. In addition, the influence of
the parameter range of the passive components in the model is analyzed for the control
law performance in the last, small part of Section 4. On the basis of the previous research
contents, the voltage balance control strategy, implemented by the energy balance, is
studied in Section 5 in order to form the overall energy balance control strategy in the
cascaded PET. In Section 6, the main performance of the proposed energy balance control
method is verified by simulation and experimental results. Section 7 is the conclusion of
the full paper. The contents of each section and the relationship between them are shown
in Figure 1.
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control methods, application introduction of Background

variousfilters and summary

A 4
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A 4
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VII. CONCLUSION Conclusion

Figure 1. The contents of each section and their relationship.

2. Mathematical Model of the PET

The topology of the single-phase PET is shown in Figure 2a, which contains a single-
phase rectifier composed of four cascaded H-bridges, four dual active bridges (DAB) in
parallel, and a three-phase inverter. The instantaneous power relationship in PET is shown
in Figure 2b. The energy flow in PET is shown in Figure 2c.
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Figure 2. The single-phase PET: (a) structure, (b) instantaneous power relationship in PET, (c) energy
relationship in PET.

The single-phase rectifier consists of an input inductor Lg and four H-bridge modules.
Each module uses the same modulation method. The d,; is the duty cycle of the module j and
the Up; is the CDB voltage of the module j (j =1, 2, 3, 4). Ignoring the internal impedances
of the inductor and the converters, the cascaded rectifier model can be described as

di
Lsg; = us —dnUp1 —dppUpy — disUys — dylpy
du . u
Cm dgiﬂ =dpis — ?741
Ch2 =32 = dpis — 7 )

au .o_u
CrHs =3 = dwis — 74
au : u
Chs d{lﬂ = dr415 - T%
where Z is the equivalent impedance of the cascaded rectifier.
Ignoring the DAB internal impedances, the transmitted power of the DAB Ppgp is

nUHULd(l — d)

Ppap = 2. = kUyUyp, )

where L; is the HFT leakage inductance, Uy is the primary dc voltage, U}, is the second
dc voltage, n is the transformer turns ratio, f; is the switching frequency, d is the duty
cycles, and k = nd(1 — d)/2f;Ls is the phase shift ration. When d equals 0.5, the Pp4p is the
maximum, and when d equals 1 or 0, the Pp4p is zero.

The three-phase inverter model is not the focus of this paper. Here, the load Z is used
for replacing the equivalent impedance of the ac load and the dc load. So, the average
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model of the single-phase PET is given in Figure 3, where k;~k, are the phase shift ratios of
the four DAB modules.

el

Figure 3. The average model of the single-phase PET.

For improving the transient performance of the PET, the CDB voltage and the LDB
voltage in the PET should be controlled. In Figure 2a, the four CDB voltages (U1, Uppo,
Ups, and Upy) and the LDB voltage (Ur) should reach their reference as quickly as possible
during the transient process. At the same time, in the real system, every H-bridge model is
designed to be identical in order to reduce the production consumption and the control
complexity. However, the leakage inductance variation of the HFTs can reach 10-20% [14],
and the transmitted power variation will also be 10-20%. In extreme cases, if the voltage
balance control among the four cascaded modules is not adopted, the dc bus voltage of
the DAB module with the largest leakage inductance will be four times the normal dc bus
voltage, while the dc bus voltages of the other modules will reduce to nearly 0, which is
absolutely unacceptable.

So, the stability of two-stage bus voltages in the topology is very important, especially
for the voltage-sensitive loads, such as the data server, the navigation and positioning
instrument, and so on. In this paper, Sections 3 and 4 have a parallel relationship. In
Section 3, the energy balance relationship around the low-voltage bus is deduced, and the
control law and its stability analysis are also introduced in detail. Moreover, in Section 4, the
energy balance relationship with the cascade buses is deduced, the stability and the control
law for the cascaded voltage balance are analyzed, and the influence of the parameter range
of the passive components in the model is analyzed for the control law performance.

3. Energy Balance Control for LDB Voltage
3.1. Energy Balance Control Scheme for DAB

Based on the equivalent circuit in Figure 3 and the energy relationship in Figure 2c,
the energy relationship between the DAB, the LDB capacitor, and the equivalent load can
be described as

Epap = Ecr + Eroud 3)

where the four DAB transmitted energies are regarded as the same under the voltage
balance control. Considering the energy relationship in one switching period, it can be
written as

1 *
Ppap = ECL(ULz —U;?)/Ts + Proaa 4)
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where T is the switching period, f; = 1/Ts.
Then, the total energy relationship becomes
nUy (Up ¢d(1—d 1
ax MU0 = d) Lo g2 qy2) /7, 4y, ©)
2fsLs 2

* 2 +7(52) > \\\\\
U, o X C. f,/2

where Uy s and U], are the expectation values of the CDB and the LDB voltage. After
simplification and approximation, the duty cycle d for the DAB is

(3CL(U2 = UD)fs + Proad) % 2L

d=
4n LIHJ ULJ

(6)

Considering the control delay of the DAB stage as a first-order inertial element with a
constant time T, the control scheme is depicted in Figure 4, and the DAB model is in the
green block, where kj1 = nlUp /2fsLs1, ki =1/Ug.

@
+
+

T,s+1

PLoad

DAB modle

Figure 4. EBC Control model for the LDB voltage.

3.2. Small-Signal Analysis

Performing small-signal decomposition of the system variables in Figure 4, we have

Uy =Uy +1uj
u, =U,+i, @)
Proad = Proad + Proad

where U] is the reference of the LDB voltage, U; is the real value of the LDB voltage, and
Proaq is the real value of the load power. These values are the large-signal component.
uj iy, and Py paq are the small-signal values of the counterparts. The square values of the
small signals are small enough to be ignored. The small-signal expression of the duty
cycle is
J— (%CL(uzﬁi —Urty)fs + Proad) X 2fsLs ®)
4nl H_s uL_s

The corresponding small-signal control model is given in Figure 5.

T,s+1

PLoad

Figure 5. Small-signal model for the LDB voltage based on EBC controller.
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The closed-loop transfer function of the LDB voltage control system based on EBC is

G p(s) = T = fsUr U s
- Uy 8m(Tys +1)s + Upy ofsUy

©)

From (9), it can be seen that the LDB voltage is irrelevant to the dc bus capacitance Cr.
Considering that the expectation value of the CDB voltage Up; s and the LDB voltage Uj
remains constant, the load power Py a4 fluctuation in the DAB model is counteracted by
the load power fluctuation, including in the feed-forward terms in the EBC. So, the load
power fluctuation has no impact on the dc bus voltage, as is shown in Figure 5.

When the system adopts the low-bandwidth PI controller, the small-signal control
model is as depicted in Figure 6.

4 ) I d, | 1 . o B Uy
U, —()—=|P + - 1 Ka DS — »
s Tys+1 A_ C.s
i;o
ﬁjad DAB

Figure 6. Small-signal model for the LDB voltage based on PI controller.

The closed-loop transfer function of the LDB voltage control system based on the PI
controller is

ur, (P1s + I)Up1 s

G S) = = = 10
dc_L( ) Z/lz 87rfSLsCLs2(Tds + 1) + (P]S + Il)qu_s ( )

From (10), it can be seen that the LDB voltage with the PI controller is affected by the
capacitance C.. When Upy; s remains constant, from Figure 6, the dc bus voltage is affected
by the load power Pj,,, fluctuation. The closed-loop transfer functions are

U Ls(T, 1
de_L(S)_ ur 87 fsLs(Tys +1)s

Proga  87fsLsCrs?(Tys +1)Up s + (Pys + L) Up1_sUp (1)

It is shown that compared with the PI controller, the EBC controller can eliminate the
impacts of the LDB capacitor and the fluctuations of the load power by importing the load
power into the control model. The robustness of the EBC is increased.

3.3. Stability Analysis

The stability analysis of the EBC closed-loop transfer function for the LDB voltage
was conducted. The switching period is set as Ts =5 x 107> s. Considering the sampling
and the control delay, T, = 2T, the LDB voltage reference U is 700 V and the CDB voltage
expectation value Uy is 700 V. When the LDB voltage U; changes from 400 V to 1000 V,
the denominator of Equation (9) has two poles. The two poles are far away from the origin,
with the increasing of the voltage value, as shown in Figure 7. This figure shows that all
the poles are located in the left half plane, and so, the system is stable.
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Figure 7. Pole distribution of the LDB voltage control system based on EBC controller.

4. Energy Balance Control for CDB Voltage
4.1. Derivation of CDB Average Voltage Reference

Based on the equivalent model in Figure 3 and the instantaneous power relationship
in Figure 2b, the instantaneous power relationship of the PET is as follows:

Ps = PLs + PcH1 + PcH2 + PcH3 + PcH4a + PcL + PLoad (12)

In the steady state, the voltages in the cascade bus capacitors are equal, and
the instantaneous powers of the cascaded capacitors are also same, namely
Prc1 = Pch2 = Pchs = Pcha = Pcy; Equation (12) can be simplified as

Ps = PLs +4pCH+pCL+PLoud (13)

Assume that the grid voltage and current are
us = V2U; sin(wt) (14)

is = V2I; sin(wt + 6) (15)

where Us and I; are the RMS values of the grid voltage and current, w is the grid angular
frequency, and 0 is the initial phase angle of grid current.
Thus, the instantaneous power of the grid is

ps = Us - is = UsLs[cos @ — cos(2wt + 0)] = Ps — UsIs cos(2wt + 0) (16)

where the dc component is the constant power of the grid, and it is expended by the load.
The second harmonic power of the grid will cause the second harmonic voltage ripple in
the CDB voltages.
The instantaneous power of the input inductors is
dis 2 .
PLs = LSEIS = LsI{ sin(2wt +20) - w (17)
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The whole instantaneous power of the four cascaded capacitors is

au
dpcr = 4Cy— Uy (18)

The instantaneous power of the capacitors in the LDB is

du
pcr = CLTtLUL (19)

In the steady state, the LDB voltage U} is constant, then Py, = 0.
The load power equals the grid constant power.

Ps = PLoad (20)

The phase of the grid voltage and current are set to be the same value. Substituting
(14)~(20) into (13), it becomes

dau
4CHTqu + Acos(2wt — @) =0 (1)
where
A = [\/U2 + (LocLsw)? 22)
= arctan%

Then, the average reference of the CDB voltage is

ul*i = U;Iavez - B (23)
B = ﬁ sin(2wt — @)

where B is the square value of the second harmonic voltage amplitude of the CDB voltage.

4.2. Energy Balance Control Scheme for Rectifier

Based on the equivalent model in Figure 3 and the energy relationship in Figure 2c,
the energy relationship is as follows:

Es = Ers +4Ecy + Ecr + Erpad (24)

According to the analysis of the two-stage, single-phase photovoltaic grid-connected
inverters [17], for the single PWM rectifier, when the system is in steady state, the absolute
value of the grid current remains constant after half line cycle Ty /2; then, the stored energy
of the filter inductor also remains constant after Ty /2, namely E;; = 0. When ignoring the
internal impedances of the PET, the energy relationship of the PET in T /2 is

T,

1 1 * *
= Pload + 5 - 4CH (Uj? = Uy?) + 5CL(U? = Up?) = Usl; (25)
Thus, the grid current reference is
I — Proad + ‘JECHfg(uI*{2 - UHZ) + CLfg(uzz — ULZ)
s = U (26)
S

Considering the control delay of the rectifier stage as a first-order inertial element with
a constant time Ty, the control scheme is depicted in Figure 8, and the rectifier model is in
the green block, where kg = 4Cpfe, kt = 1/Us, Pr = Lac/TR, ur = 4dUpy, and kg = Us/4Up.
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v

2 2 s -
Pow +CLf,U"=U) Rectifier model

Figure 8. EBC control model for the CDB voltage.

4.3. Small-Signal Analysis

In the condition that the calculated value B is consistent with the actual second

harmonic voltage ripple, and the equivalent load power in the CDB side is replaced by the
load power in the LDB side, the EBC control model can be depicted as shown in Figure 9.

u — iy p+ p. [ U
it

‘ PLoad+CLfg(Ult2_UL2)

Figure 9. Simplified EBC control model for the CDB voltage.
Performing small-signal decomposition of the system variables in Figure 9, we have

=T, +1

Uy, = Uy + i
UH:UH+ﬁH~
Proad = Proad + Proad
up =0 +u;
LIL:UL—HTL

(27)

where T, is the grid current, Uy, is the reference of the CDB voltage, Uy is the real value of
the CDB voltage, Uz is the reference of the LDB voltage, U] is the real value of the LDB
voltage, and Pj,,, is the real load power. These values are the large-signal component. ZT,
Uy, y, Uy, ur, and ﬁLMd are the variation in the transient process; these variations are the
small-signal values of the counterparts. The square values of the small signals are small
enough to be ignored. The small-signal expression of the current reference is

~ Proaa +ACufo(Uyityy — Upnily) + Cpfo (Ui — Upiiy)
IS = us (28)

The corresponding small-signal model is shown in Figure 10.

lsLuad +C.fy .0, -U.a,)

Figure 10. Small-signal model for the CDB voltage based on EBC controller.
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The closed-loop transfer function of the CDB voltage control system based on the EBC

controller is .
UH feUn

o _ 29
de_H(s) iy [Trs(Trs+1) + 1UHaves + feUn (29)

It can be seen that the CDB voltage is irrelevant to the dc bus capacitance Cy. Con-
sidering that the grid voltage U remains constant, the load power P;,, fluctuation in the
rectifier model and the stored energy fluctuation of the LDB capacitor are counteracted
by the same power fluctuation, including in the feed-forward terms in the EBC. So, the
fluctuation of the load power and the LDB capacitor power have no impact on the dc bus
voltage, as shown in Figure 10.

When the system adopts the low-bandwidth PI controller, the small-signal model is as
depicted in Figure 11.

P+—

R , -
%éé\ Lo/ Te > —w®+
4 Tps+1 LS

ac
i T
ﬁLoad + CL fg(

Figure 11. Small-signal model for the CDB voltage based on PI controller.

C

LGL _ULGL)

The closed-loop transfer function of the CDB voltage control system based on the PI
controller is
@ o (PS + I)US
LNI}({ - 452UHM€CH[TRS(TRS + 1) + 1] + (PS + I) LIS

Gac_H(s) = (30)

It can be seen that the CDB voltage with the PI controller is affected by the capacitance
Cn. When the grid voltage Us remains constant, the dc bus voltage is affected by the

load power P}, fluctuation, the capacitance on the LDB side C;, and the LDB voltage
fluctuation u7 . The closed-loop transfer functions are

Gay 11(s) = Uug _ [Trs(Trs +1) +1]s 1)
pr ijoud 452uHaU€CH[TRS(TRS + 1) + 1} + (PS —+ I)US
u Cr U* Trs(Trs+1) +1]s
Gai n(s) = = = feUL[Trs( )+1] (32)

7{ B 452uHuveCH [TRS(TRS + 1) + 1] + (PS + I)US

It can be concluded that compared with the PI controller, the EBC controller can
eliminate the impacts of the CDB capacitors and the fluctuations of the load power and
the power of the LDB capacitor by importing their power into the control structure. The
robustness of the EBC for the CDB voltage is increased.

4.4. Stability Analysis

The stability analysis of the EBC closed-loop transfer function for the CDB voltage was
conducted. The switching period is set as Ts =1 x 10~* s. Considering the sampling and
the control delay, T = 2T, the grid frequency fo = 50 Hz, and the dc bus voltage reference
UHape = 700 V. When the dc bus voltage Uy changes from 400 V to 1000 V, the denominator
of Equation (29) has three poles. Two poles are far away from the origin and the other one
is the dominant pole, moving away from the origin with the increasing of the voltage value,
as is shown in Figure 12. This figure shows that all the poles are located in the left half
plane, and the system is stable.
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Figure 12. Pole distribution of the CDB voltage control system based on EBC controller.

4.5. Adaptability Analysis of Model Parameter

When EBC control mode is adopted, the parameter deviation of the passive compo-
nents in the model has limited influence on the control effect. In the simulation shown
in Figure 13a, the load power increases rapidly from 1.4 kw to 28 kw at 0.7 s, when the
capacitance value of two-stage bus has the same direction deviation of £30%. From the
simulation waveform, it can be seen that the voltage of the cascade bus basically does not
overshoot in the dynamic process, and the maximum difference of the intermediate bus
voltage in the steady-state process is within 2 V, which is consistent with the relationship
between the capacitance value of the intermediate bus and the ripple amplitude of the
secondary voltage in Formula (23). At the same time, the difference of the capacitance value
will affect the average value of the bus voltage. There is almost no overshoot of low-voltage
bus voltage in the dynamic process. In the steady state, the bus voltage fluctuates slightly
with the increase in power, but the fluctuation value is very small and can be ignored.

As shown in Figure 13b, when the capacitance value of the two-stage bus has a
reverse deviation of +30%, the simulation waveform of the bus voltage is similar to
that with the same deviation. It shows that EBC has good adaptability to capacitance
parameter deviation, but the ripple of the steady-state process is affected, and the dynamic
performance is not affected.

As shown in Figure 13c, when the grid side inductance value deviates by +30%, the
CDB voltage and the LDB voltage have almost no overshoot in the dynamic process. It is
verified that EBC has good adaptability to the inductance parameters, and the change of
inductance parameters has no impact on the steady-state and dynamic control effects.
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Figure 13. Influence of capacitance and inductance deviation on bus voltage: (a) £30% same-
direction deviation in two-stage bus capacitance, (b) +30% reverse-direction deviation in two-stage
bus capacitance, (c) £30% deviation in the grid side inductance.

5. Overall Structure of Proposed Control Strategy

When the CDB voltages of each cascaded module are equal under the voltage balance
control, and the duty cycles transmitted to each of the rectifier modules are the same, the
received powers of each module are also equal. Therefore, when the CDB voltages are
equal, the same duty cycle transmitted to each of the rectifier modules can conveniently
ensure the power balance with a small error.

In the DAB controller, the first DAB module controls the LDB voltage, and the other
three DAB modules control their respective primary side voltages to follow that of the
first DAB module. The control scheme of the parallel DABs is shown in Figure 14; the
four DAB modules adjust their respective duty cycle (dg, dsy, dg3, dgy) and use the EBC to
change the transmitted power and guarantee that the other three CDB voltages follow the
first CDB voltage. The dy is the phase shift control duty cycle of the first DAB module,
and dy, dyg3, dgy are the phase shift control duty cycle of the second, third, and fourth DAB
modules, respectively.

The cascaded rectifier modules adopt the same duty cycle for achieving the transmitted
power balance. At the same time, the carrier phase shift is utilized to increase the equivalent
switching frequency.

The energy balance control diagram of PET is revealed in Figure 15. In the rectifier,
the control scheme adopts a double-loop control structure. The automatic energy regulator
(AER) is used in the outer loop for controlling the CDB voltage, and the automatic current
regulator (ACR) is used in the inner loop for controlling the grid current. In the DAB,
the AER controls the LDB voltage and the CDB voltage balance, and the phase shift (PS)
modulation is used in the DAB. For the inverter, the ordinary double-loop d-q decoupling
control scheme is adopted. For the DC/DC converter, the ACR is used to control the output
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current or the output power when the PET is on the grid. In the off-grid state, the DC/DC
converter is used to control the LDB voltage.
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Figure 15. Proposed EBC strategy for PET.
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6. Simulation and Experimental Verification
6.1. Simulation Results
As a comparison, the PI control scheme is used in the PET. In the CDB control loop,

the voltage sampling values are filtered with a low-pass filter, whose bandwidth is 30 Hz.
The simulation parameters are listed in Table 1.

Table 1. Parameters of Simulation Circuit.

Parameters Values Parameters Values
Input ac voltage u; 1732V CDB capacitor Cy 4700 uF
CDB voltage Uy 700V LDB capacitor Cy, 19,000 uF
LDB voltage U}, 700 V Transformer turns ratio n 1:1
Input inductor Lg 5mH HFT leakage inductor L 328 uH

When the CDB voltage is controlled by the EBC controller and the LDB voltage is
controlled by the PI controller, the waveforms of the variables are as presented in Figure 16,
in which the red curves Uy, v represent the average values of the real voltage Up,. It
is shown that the four CDB voltages are stable and balanced in the steady state, and this
proves the effectiveness of the EBC scheme.
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Figure 16. Comparison of the four CDB voltages for the load power steps (from 1.4 kW to 28 kW).
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For the transient performance of the CDB voltages and the LDB voltage, Figure 17
demonstrates the waveforms of the Up1, Up1_ape, and the Uy when the load power increases
from 1.4 kW to 28 kW at 0.7 s, in which the PI controller and the EBC controller are used,
respectively. The EBC control strategy can achieve a better transient performance than the
PI controller, both in the CDB voltage and the LDB voltage, as is shown in Figure 17b,c.
Two different time-scale EBC controllers used in two dc bus voltages simultaneously can
realize the optimal transient performance, which has the minimum transient time and a
very small overshoot, as is shown in Figure 17d.
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Figure 17. Comparison of the CDB voltage and the LDB voltage for load power steps (from 1.4 kW
to 28 kW): (a) with PI controller in CDB voltage and LDB voltage, (b) with EBC controller in CDB
voltage and with PI controller in LDB voltage, (¢) with PI controller in CDB voltage and with EBC
controller in LDB voltage, (d) with EBC controller in CDB voltage and LDB voltage.

The corresponding track of the time-domain waveform in the phase plane is shown in
Figure 18, which is composed of the average of CDB voltage Uy 4. in the horizontal axis
and the LDB voltage U, in the vertical axis. The smaller the area that is surrounded by the
track in the figure means the smaller the change of the energy storage of the two-stage bus
capacitance in the transient process, which means the smaller the voltage fluctuation. It
can be found from the comparison that the transient performance of the two-stage dc bus
voltage can be effectively improved by using EBC.



Energies 2022, 15, 3129

18 of 26

702r

701F
g g
© 700r )
& il
©
5 5
> 699 -
2 :

698+

697 \ , \ \ \ . .

693 694 695 696 697 698 699 700 701
Average of the CDB voltage (V)
(a)

702

701
£ g
o A s A ANADAA AN [
& 700 )
— +
s s
> 699 ;
[=a]
= =)

698

697

693 694 695 696 697 698 699 700 701
Average of the CDB voltage (V)

()

702

701

700

699

698

697 , , , , , , , ,
693 694 695 696 697 698 699 700 701
Average of the CDB voltage (V)

(b)

702

699

698

693 694 695 696 697 698 699 700 701
Average of the CDB voltage (V)

(d)

Figure 18. Phase-plan diagrams of the average of the CDB voltage and the LDB voltage: (a) With
PI controller in CDB voltage and LDB voltage, (b) with EBC controller in CDB voltage and with
PI controller in LDB voltage, (c) with PI controller in CDB voltage and with EBC controller in LDB
voltage, (d) with EBC controller in CDB voltage and LDB voltage.

When the voltage reference changes from 680 V to 700 V at 0.7 s, the waveforms of
the variables with the EBC controller are shown in Figure 19. It is shown that four CDB

voltages are kept in good consistence whether

in the steady state or the transient state.
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Figure 19. Comparison of the four CDB voltages for voltage reference rises (from 680 to 700 V).
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To verify the voltage balance control effect in the different parameters of the DAB
modules, the leakage inductance of the HFTs in the 4" DAB module is set to be 10%
larger than the others in the simulation setup (Ls1 = Lsp = Ls3 = 328 uH, Ls4 = 360 uH).
The four CDB voltages and the parallel transmitted power are shown in Figure 20. It can
be seen that when the voltage balance control is not adopted, the Upy is out of control
when the transmission power increases. When the PI controller is used for voltage balance
control, the voltage and power balance of the four modules can be realized after a period of
time. After adopting the EBC controller, the voltage balance speed of the four modules is
accelerated, and the power in the four DAB modules can be quickly balanced.
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Figure 20. Four CDB voltages and parallel transmitted power waveforms: (a) without voltage balance
control, (b) with voltage balance control using PI controller, (c) with voltage balance control using
EBC controller.

6.2. Experimental Results

The photograph of the experimental prototype is displayed in Figure 21. Considering
the load power limitation in the lab, the load power in the experiment changes from 5.20 kW
to 9.68 kW, and the other parameters are the same as those used in the simulations.

Figure 21. Photograph of the prototype.

Figure 22 demonstrates the experimental waveforms of the four CDB voltages (Upsa,
Ups, Upo, and Upyq), the LDB voltage (U} ), the input current (is), the input voltage (us),
and output ac line voltage (u,;), and the output ac currents (i, i, and i) used by the PI
controller and the EBC controller, respectively, in the rectifier and the DAB. For displaying
clearly the deviation of the CDB voltage during the transient process, the second CDB
voltage Uy, is shown in an ac coupling method, and the others are shown in a dc coupling
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method. With the load power steps, the recovery time of the CDB voltage with the EBC
controller is smaller than that in the PI controller, as is shown in Figure 22a,b. The CDB
voltage deviation with the EBC controller is similar than that in the PI controller, as is
shown in Figure 22b,c. The experiment results have a little difference from the simulation
waveforms; the reason is that the changed load power is not obvious for the previous load,
and the calculation deviation for the second harmonics voltage ripple has been influenced

by measurement error.
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Figure 22. The transient experiment waveforms for load power steps (from 5.20 kW to 9.68 kW) (from
top to bottom: Uy (500 V/div), Uys (500 V/div), Uy, (2 V/div, ac coupling), Uy (500 V/div), Uy
(200 V/div), is (5 A/div), us (1 kV/div), uy, (400 V/div), iz (20 A/div)): (a) with the PI controller in
the CDB and LDB voltage, (b) with the EBC controller in the CDB voltage, with the PI controller in
the LDB voltage, (c) with the PI controller in the CDB voltage, with the EBC controller in the LDB
voltage, (d) with the EBC controller in the CDB and LDB voltage.

The different time scales of the EBC controllers are used in the rectifier and the DAB
simultaneously; the transient performance of the two dc bus voltages is more improved
than those with the PI controller, as is shown in Figure 22d. The reason is that the interaction
between the energy of the CDB capacitors and the LDB capacitors has been considered in
the EBC control strategy.

The trajectories of the above four experimental waveforms in the phase plane are
shown in Figure 23. The area surrounded by the trajectories obtained by the EBC controller
is the smallest, which verifies that EBC has good transient performance. In the figure, the
horizontal axis is the voltage of LDB U}, and the vertical axis is the ac coupling value of the
2nd CDB voltage Uyy.
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Figure 23. Phase-plane diagrams of the average of the CDB voltage and the LDB voltage: (a) with the
PI controller in the CDB and LDB voltage, (b) with the EBC controller in the CDB voltage, with the PI
controller in the LDB voltage, (c) with the PI controller in the CDB voltage, with the EBC controller in
the LDB voltage, (d) with the EBC controller in the CDB and LDB voltage.

The experimental results also verify the control performance of the EBC controller
when the CDB voltage reference changes from 680 V to 700 V. Figure 24 demonstrates
the experimental waveforms of the signal of the voltage reference changes, the four CDB
voltages (Uy4, Ugs, Uy, and Upyq), the LDB voltage (U} ), the input current (is), the input
voltage (u;), and the output ac line voltage (u,); the output ac currents (i, i, and i)
used the PI controller and the EBC controller, respectively, in the different current-limited
references. In Figure 24a, the current-limited reference is set up to 10 A; the input current
rises to 10 A and then decreases slowly for the charging of the dc bus voltages under the
PI controller. In Figure 24b, the current-limited reference is also set up to 10 A; the input
current rises to 10 A and then keeps within the limited value until the dc bus voltage reaches
the reference value. If the current-limited reference can increase further, for example from
10 A to 30 A, the dc bus voltage can realize the faster transient performance in Figure 24c.
Therefore, by utilizing the reasonable current-limit value, the EBC controller can achieve a
better transient performance than the PI controller.
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Figure 24. The transient experiment waveforms for voltage reference rises (from 680 to 700 V) (from
top to bottom: the signal for the voltage reference changes, Uy; (500 V/div), Up, (25 V/div), Ugs
(500 V/div), Upy (500 V/div), is (5 A/div), us (1 kV/div), Up (200 V/div), uy, (400 V/div), igpe
(20 A/div)): (a) with the PI controller in current-limited reference, (b) with the EBC controller in
current-limited reference, (c) with the EBC controller in increased current-limited reference.

7. Conclusions

For the voltage-sensitive loads connected with the PET, the EBC strategy can achieve a
better transient performance of the dc bus voltages than the conventional PI control strategy.
The essential reason is that the interaction between the energy of the CDB capacitors and the
LDB capacitors has been considered in the EBC control strategy with different time scales.
Through the small-signal analysis of the control strategy in the CDB voltage and LDB
voltage, the EBC control strategy can eliminate the impacts of the dc bus capacitors and the
fluctuations of the load power compared with the PI control scheme. The stability of the
EBC strategy is proved by the stability analysis. The expression of the second harmonic
in the CDB voltage is deduced through the instantaneous power-balance relationship in
the single-phase PET, and it is helpful in improving the transient performance. Combined
with the voltage balance control scheme, the proposed EBC strategy can realize the voltage
balance in the cascaded modules. The EBC strategy can be extended to PET, which consists
of n-H-bridge rectifier modules and n-DAB converter modules. The simulation and the
experimental results prove the effectiveness of the proposed control strategy.
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