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A Hybrid Modular DC Solid State Transformer
Combining High Efficiency and Control Flexibility

Yuwei Sun, Zhen Gao, Chao Fu, Chengjie Wu, and Zhe Chen, Fellow, IEEE

Abstract- This paper presents a hybrid modular dc solid state
transformer (HMDCSST) composed of a series resonant-dual
active bridge (SR-DAB) and a phase shift-dual active bridge (PS-
DAB), aiming at improving the transfer efficiency as well as
maintaining the control flexibility. The key problems in terms of
modeling and control strategy are discussed in the paper. The
generalized average and small signal models of the HMDCSST
are derived and confirmed by simulation, in which two LC filters
are also considered to reduce the ripple components of the input
and output currents. Based on the models, the control strategies
to achieve flexible control of the output voltage and power are
designed. Moreover, as a key problem for HMDCSST, the design
principle of the number for each type of DAB is discussed to meet
the demands of the grid. Finally, a three-module prototype of
HMDCSST consisting of one PS-DAB and two SR-DAB modules
was built-up and tested, and the results proved that HMDCSST
has higher efficiency than the traditional DCSST based on PS-
DABs purely, without sacrificing the output voltage and power
regulating capability in the meanwhile.

Index Terms- Hybrid modular dc solid state transformer,
phase shift-dual active bridge, series resonant-dual active bridge,
small signal modelling, control strategy.

|. INTRODUCTION

N recent years, with the increasing penetration of

distributed energy resources and popularization of dc loads
such as electric vehicles, the huge potential of dc distribution
systems has been recognized, which has great advantages over
traditional ac systems in terms of power quality, stability and
transmission capacity [1]-[3]. As the key equipment
interfacing the medium voltage dc transmission (MVDC) grid
and the low voltage dc distribution grid (LVDC), the dc solid
state transformer (DCSST) is crucial to facilitating the voltage
conversion, power transfer and galvanic isolation functions,
and has drawn a wide attention [4]-[5].

In view of the advantages of bidirectional power transfer
capability, high power density and modular structure, the
series resonant-dual active bridge (SR-DAB) and the phase
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shift-dual active bridge (PS-DAB) DC/DC converters are
widely employed as the core circuit of DCSST [6]-[30]. When
SR-DAB operates under open loop control with 50% duty
cycle and at the complete resonance frequency of the LC tank,
it not only has the advantage of simple control but also
provides high conversion efficiency due to the zero-voltage
switching (ZVS) and zero-current switching (ZCS)
characteristics of all switches [6]. In addition, the voltage
transfer ratio of SR-DAB is independent of the loads and
switching frequencies, so the voltage gain of the converter is a
constant [7], [8]. With advantages above, SR-DAB with the
input-series output-parallel (ISOP) structure becomes an ideal
solution to construct DCSST. However, with flexible
regulation demands of the output voltage, the variable
frequency control or phase shift control must be applied. As a
consequence, not only the control complexity increases, but
also the conversion efficiency decreases due to the lack of
ZVS and ZCS [9]-[11]. To keep ZVS working at a light load,
the pulse width modulation (PWM) combined with phase shift
modulation (PSM) method was addressed in [12]. In order to
further widen the soft switching range, the modified dual
bridge series resonant converter topology [13], controlled
inductor type SR-DAB converter [14] and CLTC type
resonant converter with auxiliary transformer [15] based on
conventional SR-DAB, were proposed respectively. The
overall ZVS can be obtained with above methods. However,
these additional switches and components can also increase
power losses. To conquer these drawbacks, a four-degree
freedom modulation strategy for SR-DAB was proposed in
[16]. The overall soft switching range was realized, but the
control strategy is too complicated to analyze the system
stable region and the reliability cannot be ensured.

As for the PS-DAB converter with single phase shift (SPS)
modulation, it can regulate the transfer power and output
voltage flexibly by controlling the phase shift ratio between
the primary and secondary side bridges, which has been
extensively studied and applied to various solid-state
transformers. However, it fails to run on ZVS in some
situations, such as light load and non-unity voltage gain [17]-
[19]. Moreover, under the heavy load and non-unity voltage
gain conditions, the circulating current will bring excessive
current stress [20]. The potential loss of ZVS and the
circulating current will reduce the efficiency of the converter
significantly. Some researches provide alternatives of the
multiple phase shift control [18], [21]-[22] or the extended
phase shift control [23]-[24] to extend the ZVS range. The PS-
DAB with conventional dual phase shift exhibits large current
and losses if there is a small change of outer phase shift ratio,
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which is caused by the change of command to adjust power
transmission. To solve this problem, a novel inner phase shift
control with low surge currents and stable power control was
proposed in [25]. In [26], a unified triple phase shift control
was addressed to achieve ZVS. By decreasing the magnetic
inductance and making the design optimization, ZVS region
can be extended in [27]. To minimize the circulating current, a
three-voltage-level phase shift modulation was presented in
[28]. Except for the optimal control method mentioned above,
some methods implemented by hardware were proposed in [29]
and [30]. In [29], additional active switches in primary and
secondary H bridges can restrain the reactive power, but this
topology is only suitable for unidirectional power flow. In [30],
a hybrid H bridge type DAB converter was presented which
can work under full bridge or half bridge mode to maintain the
unity voltage gain and minimum reactive power. But these
methods are either too complex resulting in a large amount of
calculation and a burden of the processor, or they use the
additional components which also increase the power losses.

In view of the advantages of the above two kinds of DAB,
this paper proposes a new hybrid modular DCSST
(HMDCSST) incorporated by SR-DAB and PS-DAB modules.
Among the total cells of HMDCSST, the SR-DAB cells
transfer the main part of power with high efficiency, while the
PS-DABs transfer a small part of power responsible for the
output voltage/power regulation. As for its control, the SR-
DABs operate under open loop control and at the complete
resonance frequency of the LC tank, while the PS-DABs
regulate the phase shift ratio through a simple PI controller
without any complex calculation. Therefore, the proposed
topology can inherit the advantages of the PS-DAB and SR-
DAB circuits, i.e. high efficiency, control flexibility and
simplicity. What’s more, the design complexity is reduced,
while the number of the control chips and communication
ports is reduced as well, which is conducive to cost saving.
The paper takes into account the peak value and ripple
suppression of the input/output currents of the DCSST by
introducing two LC filters, and the key problems in terms of
small signal modeling and control strategy with the LC filters
are studied in detail.

It is worth mentioning that the ideas based on hybrid were
presented in [4] and [31]. In [4], the two converters are with
the same topology, called full-bridge dc—dc converter, but the
different controls are applied to improve the efficiency. The
“main” converter, operating with 50% duty cycle open loop
control, processes the majority of power with ZCS, and the
other one regulates the power flow of the entire system. In
[31], the converter consists of one LLC series resonant
converter and one PS-DAB which are in parallel with both dc
input side and dc output side. Because the output voltage was
always clamped by the LLC resonant part stably, a better
response of the output voltage is achieved. Both of the
converter systems in [4] and [31] are operated under
unidirectional power flow. Different from the above two
configurations, the proposed HMDCSST in this paper can be
used in some special conditions, such as with a high voltage
ratio, in bidirectional power and bus voltage regulation.
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Fig. 1. Simplified configuration of HMDCSST with input/output LC filters.
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Fig. 2. Topology and SPS control diagram of PS-DAB, (a) topology of
PS-DAB and (b) SPS control waveforms.

This paper is organized as follows: In Section II, the large
signal average model and small signal model of the
HMDCSST considering the input/output LC filters are derived
and verified by simulation. The basic operating principle of
the HMDCSST is also discussed. Based on the models, the
control strategies aiming at achieving flexible control of the
output voltage and power with overcurrent suppression are
designed in Section Ill, and the control stability is verified as
well. After that, Section IV discusses how to determine the
numbers of two-type DAB modules in the HMDCSST.
Section V presents the experimental and simulation results,
which verifies the good performance of the proposed topology
and control. Some issues for improving performance of
HMDCSST are discussed in Section VI before this paper is
concluded in Section VII.

Il. MODELLING OF HMDCSST

The simplified configuration of the HMDCSST with
input/output LC filters is given in Fig. 1. It consists of N, PS-
DAB modules and Ns SR-DAB modules, which are in series
with the dc input side and in parallel with the dc output side,
in such way the high input voltage and large output current
can be achieved. vy and v; represent the dc voltages of the
MVDC distribution grid and the LVDC bus respectively,
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while Ly, Cp, Ly and C, are the inductance and capacitance of
the input/output LC filters of the HMDCSST.
A. Average Model of PS-DAB

The detailed diagram of the PS-DAB cell is depicted in Fig.
2(a). It consists of two full bridge circuits (H1, H»), one high-
frequency transformer (HFT), and two filter capacitors (Chp,
Cip) on the high-voltage and low-voltage sides, respectively.
The HFT provides both galvanic isolation and voltage
conversion with the turn ratio of ny:1, and the primary-referred
leakage inductance L acts as the interface and energy transfer
element. S;~S, are the switches of bridge Hi while Ss~Sg
constitute bridge Ha. venp and veip are the dc voltages of the
capacitors (Chp, Cip) on the high-voltage and low-voltage
sides, respectively. vhpand vipare the ac square-wave voltages
imposed by the bridges H; and Ha. inp and i, are the dc
currents of Hy and H, without capacitor filtering.

To simplify the control design, the most widely used single
phase-shift (SPS) control is considered in this paper for PS-
DAB, as shown in Fig. 2(b). Si-Ss are the square-wave gate
signals with 50% duty cycle for the corresponding switches in
Fig. 2(a). v and i. represent the voltage and current of the
leakage inductance respectively. As shown in Fig. 2(b), the
primary side bridge leads the secondary side bridge by a
phase-shift time, defined as d -Ths = d/(2fs), where d, fs and Ths
represent the phase shift ratio, switching frequency, and half-
switching period, respectively. Figure 2(b) shows a condition
that the power is transferred from the primary side to the
secondary side, i.e. d > 0; similarly, when d < 0, the power
will be transmitted from the secondary side to the primary side.

According to [19], the full range bi-directional transmitted
power of PS-DAB can be given by

. NpVen,pVel,
Pup =Veorphp == dA-[d) @)
The average dc currents of the input/output sides of PS-DAB
in one switching period are derived as follows

: 1 T, NpVer,p )
i o =—[."si (t)dt=—L—=Pd@-|d

h,p Ths Io L() 2st ( | |)

- 1 (T, NpVeh, p ©)
i o=— [P (t)dt=——"Pd@a-|d

I,p Ths 0 L() 2fSL ( | |)

According to (1), the transmitted power characteristics
curve of the converter is demonstrated in Fig. 3. As shown, the
power monotonically increases over the range of -0.5 <d <
0.5, and reaches its minimum and maximum value at d = -0.5
and d = 0.5 respectively, thus the region {deR | -0.5<d < 0.5}
is selected as the effective operation and control interval of the
PS-DAB.

Taking the input/output capacitors into account, based on
the definition of (2) and (3), the equivalent circuit of the PS-
DAB average model can be depicted in Fig. 4. inp and iip/ng
are the controlled current sources depending on Vch,p, Vei,p
and d. Then from the analysis, one can see that the PS-DAB is
endowed with high control flexibility by the phase shift ratio d,
and different control requirements, including the regulations
for bidirectional power or for input/output dc voltage, can all
be met.

_ MpVenpVeip 4 Pre

Pt, pmax 8L

-1.0 -05

\4

1.0 d

Fig. 3. Transmission power characteristic of PS-DAB.
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Fig. 5. Topology and alternate equivalent circuit of SR-DAB, (a)
topology of SR-DAB and (b) alternate equivalent circuit of SR-DAB.

Zr,avg ih,s ||,5/n5 i|,5

Fig. 6. Equivalent circuit of average model of SR-DAB.

B. Average Model of SR-DAB

The SR-DAB converter operates at the full resonance
frequency point with open loop control, and all the primary
and secondary bridges synchronously work with 50% duty
cycle. The frequency fs is the resonance frequency which
equals the switching frequency of PS-DAB in this paper (not
necessary, just for convenience). All the series resistances and
voltage drop of the switchers in the current path are
considered in the modeling of the SR-DAB. For simplicity, the
condition with power delivered from the high-voltage side to
the low-voltage side is analyzed as an example, and the
reverse power condition is similar.

Figure 5(a) shows the circuit diagram of the SR-DAB, with
only one series LC resonant tank added compared to the PS-
DAB. For clear illustration, the subscript “s” is added to
denote the parameters in SR-DAB, including: Cns and Csare
the two filter capacitors on both voltage sides of the converter
respectively, while vchs and veis are the average dc capacitor
voltages; vnsand vis represent the ac square-wave voltages of
the two full-bridges of SR-DAB; and the turn ratio of the HFT
is ns:1. In addition, L, is the resonance inductance in which the
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leakage inductance of the HFT takes as a part, and C; is the
resonance capacitor.

Converted onto the primary side, the alternate equivalent
circuit of SR-DAB is exhibited in Fig. 5(b), where R is the
sum of the circuit equivalent resistances, and Av(t) represents
the voltage difference of the square-wave voltages between
the primary side and secondary side, as shown in the following
equation

AV, S,(S5), S4(Ss) O
AV(t):{iAv, 212((556)) s‘;((si)) on @

where
AV =Vep s =V 1 =Ny (VCI,S Vit ) ®)

Therefore, Av(t) is also a square-wave voltage with 50%
duty cycle and frequency of f.. In (5), the equivalent voltage
drops of the H-bridge switches on the primary and secondary
side, denoted as Vh¢and Vs, are taken into account.

In the series resonant circuit, the fundamental wave analysis
method is adopted. The average input current of SR-DAB can
be calculated by

i = ijo ‘;AR\: sin(pt)dagt = zf;/r )
where the resonant angular frequency is defined as follows
wy =2rf, =1/ JL,C, ©)
Defining Rr.ag=7?R//8 and substituting it into (6) yield
A T @®)
r,avg

By defining Vi = Vs +nsVi and substituting it into (5) and
(8), the average circuit model of SR-DAB is obtained, as
shown in Fig. 6, where Z;ay denotes the equivalent mean
impedance and equals Rravg.

C. Equivalent Average Model of HMDCSST

Based on the above average model of the PS-DAB and SR-
DAB individually, the equivalent average model of the
proposed HMDCSST is developed in this section. For
expression simplicity, assume that all the circuit parameters
between the same type modules are identical, thus the N, PS-
DAB circuits and the Ns SR-DAB circuits of HMDCSST can
be equivalent to one PS-DAB module and one SR-DAB
module respectively, as demonstrated in Fig. 7. The
input/output capacitors of the DABs can also act as the
capacitors of the input/output LC filters, so the Cy and C; in
Fig. 1 will not be considered in Fig.7 to simplify the analysis
and design.

Since the practical Np+Ns DAB modules shown in Fig. 1 are
connected in series on input side, the input currents inp and ins
of the two equivalent modules in Fig. 7 are the same, as
depicted in Fig. 1, satisfying the equation (2) and equation (6)
respectively. Similarly, due to the parallel connection, the
output voltage in Fig. 7 is the same as that in Fig. 1, denotes as
vi1. Other parameters of the equivalent average model,
including the input voltages vn and vny, the turn ratio of the
HFTs ny and n,, and the output currents i’jpand i’y satisfy the
following constraints

ih Lh ih‘p i|,p/n1 ||b

=

- CI,teq Vi

2 2
1 - T
§ 0 s 0.4 0.5
<%
1 --- With Vs and Ry ayg
_ 3 — Without Viand Ry ayg
) - v v

-05-04-03-02-01 0 01 02 03 04 05
d

Fig. 8. Power transfer curve of HMDCSST.

Vi1 = NpVen p
{ 9)
Vho = I\IsVCh,s
m=Np-ny (10)
Ny =Ng-ng
, NyV, oV
ip = Np o md(1-[d) = 2= d@-|d)
s s (11)

Iis = Nglj s = NgNgly s =Nl

The input equivalent capacitors Cp;, Chz, and the output
equivalent capacitor Cieq can be expressed as

1
Ch1=C,,—
h1l h,p Np
C.,=Ch .~ (12)
h,2 h,s Ns
C|’eq =NpCI,p+NsCI,s

Then according to the average model stated above, the
expressions of the output current and transmitted power of the
HMDCSST are described in (13) and (14) respectively. The
transfer curve of the power is displayed in Fig. 8 with the
parameters listed in Table I.

df (Vh - Nsz )_d%Ner,angI

i = 13
! 1+d2N R, ogR (13)
P =1V, (14)
where
_nyd(-[d)
o2t

From Fig. 8, one can see that the parameter Vi and Rravyg
have little effect on the power transfer characteristics. Let Vs
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=Rray=0 and substitute it in to (13), then the following
equation can be obtained

< npd(1—|d|)vh
2f,L

As can be seen from (15), when Vi and Ryayg are neglected,

the power transfer characteristic of the proposed HMDCSST

is similar as that of the traditional DCSST made up by PS-
DAB purely.

(15)

D. Small Signal Modelling with LC Filters

Based on the equivalent average model given in
subsection C, the small-signal modelling for HMDCSST s
developed in this subsection.

Applying small signal perturbations to the variables around
the steady-state operating point, that is

Vh :Vh +\7h

V| :V|+\7| (16)
d=D+d

ih = |h+iAh

ihp = 1np+ihp

ih,s = Ih,s +ih,s (17)
Vha =Vh1+Vh1

Vh2 =Vh2 +Vh2

i|‘p = ||’p +i|‘p

-t il o

s =lis+is (18)
i| = || +i|

Via=Vi1+V

A

where the variables with the superscript are the small
signal variations, and the variables capitalized denote the
steady-state operating point parameters.

The small signal modelling of HMDCSST takes account of
the energy storage process in the SR-DAB, i.e., the equivalent
inductance Lrayg iS included, with which the equivalent
impedance of the SR-DAB is modified as

Zr,avg:Rr,avg"’Lr,avg and Lr,avg:ﬂzl-r/‘]- (19)

By substituting (16) ~ (19) into the previous equivalent
average model circuit, the small signal description of the
HMDCSST can be derived, illustrated as follows.

First, the small signal state equations constrained by the
entire ISOP system are

d‘7h,1_|n_|r
hi=g ~h e
vy, . .
Cho——=1, -1 20
h2 g ~'h s (20)
v, . .
l,eq I’l:Ip'HIs_II
dt ' ’

di, .
Ly = =V =V 1 — V2

! 1)
L3 g,y
g = a

Second, the small signal equations obtained by the module
constraint of the PS-DAB module are
fh,p = Xd + yVA|’1
R . (22)
i|’p = Zd + Wh,l
And the small signal equations obtained by the constraints
of the SR-DAB module are

diy s

A I A
Vho = Ner,avglh,s +NyV+ Ner,avg dt

(23)
iAh,s = IAls/ n,
where the intermediate variables x, y and z are defined as
x=n,(1-2[D|)V;; / (2fL)
y=n,D(1-|D|)/(2fL) (24)
z=n,(1-2|D|)Vp, / (2f,L)

The small signal circuit of HMDCSST has the same
structure with the average circuit shown in Fig. 7, except that
the corresponding variables are represented by small signal
ones and are constrained by (20)-(24).

The energy storage components of the circuit can be
described in the form of complex frequency domain
Zy =slLy
Z, =slL
Zr,avg = Rr,avg + SI—r,a\vg
Zh,l :1/ Sch,l
Zh,2 :1/SCh'2
Z)eq =1/sC|yeq

Applying the Laplace transformation to (20)-(23), the
control-to-output transfer function can be derived as

Gyi(s) = %|\7h:\7| -0 = Al) (26)

B(s)
Here, the intermediate variables A(s), B(S), a1, az, b1, bz, and bs
are defined as follows

A(s)=(b —ay)z+(ay—ny )by
B(s)= (ZI 12} oq +1)(b1 —ay)—ny(ag —by )+ y(agb —ayby)
a =y (2y+212)Z 12y,

(25)

A = (str,avgzh + str,avgzh,z +Zh,22h)/ Zh,2

_ ZpaNsZy ayg b — NyZp1Z) +YZh1ZZy,
Zh+Zp 2 Zy+Zn1
xZMZh
CZp+Zp,
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Fig. 9. Comparison of step response of developed small signal model
and detailed switching model for HMDCSST.
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Fig. 10. Bode plot comparison of control-to-output transfer function with
D=0.18.

E. Simulation Verification of Small Signal Model

In order to verify the accuracy of the developed small
signal model, a detailed switching circuit of HMDCSST is
developed in MATLAB/Simulink, and result comparisons
in both time domain and frequency domain are made.

The simulation model is constructed based on Fig. 1,
with three SR-DAB and two PS-DAB modules included.
The rated voltages are 10kV and 400V on the high-
voltage and low-voltage sides respectively, and the rated
power is 1MW. The detailed circuit parameters of
HMDCSST are listed in Table I.

Assuming the system starts out at a steady state, with
corresponding operating point of D=0.18, a step

perturbation in the phase shift ratio with d=0.01 is applied
to the above two models. The output current results (i, ) by the

developed model and simulation are depicted in Fig. 9. As
demonstrated, the high degree of similarity between the two
step responses in the shape confirms the validity of the
developed small signal model of HMDCSST.

A comparison of frequency responses between the
developed model and the detailed switching model of the
HMDCSST is given in Fig. 10. The solid lines represent the
calculation results of the developed model, denoted as G; in
equation (26), and the triangles mark the simulation results of
the detailed switching model. As can be observed in Fig. 10,
there is no significant deviation between the calculated
response and simulation ones in the low frequency range.
When the frequency (disturbance) is greater than 7,000 rad/s,
the deviation becomes obvious and increases with the

frequency. This is because the general state-space averaging
technique is no longer applicable when the frequency is close
to the switching frequency, in other words, in this case the
small ac variations cannot be equivalent to dc variations.
However, such a comparison in Fig. 10 has proved the
effectivity of the proposed small signal model for HMDCSST,
which can be used for stability analysis and controller design
in Section I11.
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0L ‘ ‘ ‘ ‘
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Fig. 11. Comparison of step responses of control-to-output transfer
function with different inductance parameters of LC filters.
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Fig. 12. Frequency responses of control-to-output transfer function based
on the developed model with and without LC filters.

Furthermore, to get the effects of the input/output LC filters
on the system, comparison results of the step response and
frequency domain response with different LC filters are
plotted in Fig. 11 and Fig. 12.

In Fig. 11, the step response of the output current i, with L

values of the filters being zero is plotted in the solid line,
whereas the two dotted lines represent the step currents with
different L values. It can be seen that the overshoot of the step
current increases with the increase of the inductance. So, from
the point of view of dynamic control performance, a smaller
series inductance is beneficial to alleviating the overshoot.
However, the filter inductances decreasing to zero could
deteriorate the power quality of the MV/LV DC grids
connected to the HMDCSST, since the high frequency
harmonic components of the input/output currents arise. In the
light of this, a tradeoff between the power quality and the
dynamic characteristics is thereby necessary.

In Fig. 12, the solid line represents the Bode response of the
control-to-output transfer function considering the LC filters,
while the dotted line represents the curve without considering
the LC filters. As can be concluded, the LC filter has a
significant inhibitory effect on the high-frequency
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disturbances, and it causes a greater delay in phase which may
slow down the system response. Therefore, during the control
design and system stability analysis process, the impact of the
LC filters must be considered in the modeling to prevent the
deviation between theoretical design and actual performance.

I1l. CONTROLLER DESIGN AND STABILITY ANALYSIS

A. Controller Design

According to different situations that the HMDCSST is
applied, two operating modes, the constant power and the
constant voltage, are presented and shown in Fig. 13 and Fig.
14 respectively.

First, in Fig. 13, in the closed-loop feedback control block
diagram of the constant power condition, the controlled object
is the output power i; vi1 behind the filter capacitor Cjeq. A Pl
controller is utilized. For that the voltage of the dc grid at
the low-voltage side is constant, the constant power
control is actually the constant current control.

To improve the dynamic response, a virtual inner current
controller G, is inserted, which is similar to the
conventional dual-loop control but without the high-
frequency fluctuation current feedback of the converter,
thereby high precision current sensors can be avoided.
The current reference iy” is the output of the outer power Pl
controller, and the phase shift ratio d is the output of the
virtual current controller G,. The transfer function G;
represents the converter dynamics, as described in (26).

According to (15), the relationship between i\" and d is
derived, stated as follows

i nyd@-|d|)v,

' 2fL
Where Vi and Rravg are neglected, but the resulting control
error and other errors caused by measurement and
modeling can all be compensated by the PI controller.

Then applying small signal analysis to (27), the transfer
function G, can be obtained

d _2fL
i" 2 nyVy(1-2D))

It is worth noting that the transfer function (28) is
suitable for the bidirectional power flow condition.

Since the capacitance voltage of HMDCSST is 0 at low
voltage side before start-up, there will be a very large
input deviation of the Pl controller during the start-up
time, which leads to extremely high accumulated error
due to the integrator. It will deteriorate the dynamic
characteristics and even threaten the stability of the
system.

There are two options to deal with the start-up problems
mentioned above: one is adding a limiter (limiter 1 as
shown in Fig. 13) to restrict the input deviations of the Pl
controller, the other is adopting a pre-charge start process in
practical operation. Similarly, limiter 2 is responsible for
reducing the surge of the output current and therefore
alleviating the current stress of the PS-DAB and SR-DAB
modules effectively.

(@7)

(28)

Controller

Converter

limiterl limiter2
P ret . %II,ref A 5 B il*
vl,lﬁ 1Pl
|

Fig. 13. Control block diagram in constant power scenario.
Controller Converter

limiter1 limiter2 ) lv'
i d I Vi1
A e B S PP i [ Pl g
‘* i | i
Fig. 14. Control block diagram in constant voltage scenario.

Vl,lref

Secondly, when the HMDCSST operates in the constant
voltage scenario, the control block diagram is shown in
Fig. 14, where i/ is the output of the voltage Pl controller
with a current limiter, and the phase shift ratio d is the
output of the current controller G, obtained by the
equation of d=i|"G,.

B. Stability Analysis

From Fig. 13, the open loop transfer function of the
output current ij against its reference I of the DCSST
under constant power condition is obtained

GclszpGle (29)

According to Fig. 14, the open loop transfer function of
the output voltage vi 1 against the reference Vi irer Of the
HMDCSST under constant voltage control is obtained as
in (30).

Ge2=GpinG1G2Z (30)

Then from (29) and (30), the Bode diagrams of the
control system under the constant power control and the
constant voltage control are plotted in Fig. 15 (a) and (b),
respectively, in which the Bode diagrams of their closed
loop transfer functions were also given to show the closed
loop performances.

It can be seen from Fig. 15(a) that the phase margin is 50.2<
the crossover frequency is 633 rad/s, and the closed loop
bandwidth is 850 rad/s under the constant power control,
which are the parameters demonstrating stability of the control
system. However, in the constant voltage mode as shown in
Fig. 15(b), the originally designed phase curve (without LEF)
is above O degree in the neighborhood of the resonance
frequency (about 10% rad/s), which may bring harmonic
instability issues. To resolve this problem, a lag element filter
(LEF) is plugged into the voltage control loop to reshape the
bode response at the critical point in high frequency range.
Here the transfer function of the LEF is given by

B

Guer (9)= 1/ w;s+1 (31)
where wr determines the phase-lag-compensation frequency
band, selected as ws =4000 rad/s according to the original
phase curve in Fig. 15(b); B determines the magnitude
compensation and is set to 1 in this paper, which will not
influence the magnitude characteristic of the voltage control
loop. Then the transfer function after LEF compensation can
be obtained

Ge2=GrivG1G2ZIGLEr (32)
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Fig. 15. Bode diagrams of open-loop/closed-loop transfer functions
under (a) constant power control and (b) constant voltage control.

The Bode diagrams after the phase lag compensation being
plugged in are depicted in blue as shown in Fig. 15(b), where
both the magnitude and the phase responses are improved in
the high frequency range effectively. The phase margin is 50<
crossover frequency is 588 rad/s, and the closed loop
bandwidth is 672 rad/s. Due to the phase change, the phase
response deviates away from the zero line and stabilizes the
constant voltage control system with sufficient stability
margins.

IV. SYSTEM DESIGN CONSIDERATION

The HMDCSST utilizes two kinds of DAB modules to
realize the voltage conversion and power transfer functions
and by which the efficiency is also improved. In addition, the
control and design are simplified. In this section, a key
problem for the proposed HMDCSST is discussed, that is,
how to determine the number of each type of DAB.

As can be seen in Fig.1, there are N, PS-DABs and N;s SR-
DABs. In terms of efficiency, the larger number of the SR-
DAB modules in the system, the higher efficiency can be
achieved. However, there are some limits that constrain the
number of SR-DABs in the HMDCSST.

A. Input Voltage Unbalance between PS-DAB and SR-DAB

In the HMDCSST, the SR-DABs always work under fully
resonance with the switching frequency equal to the resonant
frequency and the duty cycle fixed to 50%, and they do not
participate in close-loop control and only transfer power,
which is similar to a high efficiency passive transformer.

When the load changes or the dc bus voltages deviate from
their rated value, the module input voltage distribution
changes accordingly.

In the steady state, the voltage relationship between the
input voltage of HMDCSST and DABs is

Vh = NpVCh,p + NsVCh,s (33)
And the input voltage of SR-DAB can be expressed as
Veh,s =Vi + Rr,avgih,s +NgV) (34)

The ratio of the single PS-DAB module input voltage to the
single SR-DAB module input voltage is used to define the
input voltage unbalance factor, as shown below

Nv =Vech,s /VCh,p (35)
By combining (33) and (34), the following expression can
be obtained

Vf + Rr,avgih-,s + I”'svl (36)

[Vh - Ns (Vf + Rr,avg'h,s + NV, )]/ Np
As can be seen from (36), as an inherent characteristic of
HMDCSST, the input voltage unbalance between PS-DAB
and SR-DAB changes not only with the loads and the bus

voltages, but also with the module number and the transformer
ratio.

In addition, according to (33) and (34), if Vi and Ry are
ignored, Vcn s = NV, which indicates that the input voltage of
the SR-DAB are clamped to be nearly equal to ng times of the
output voltage, and the input voltage of PS-DAB becomes

Venp (v, —N,nv,)/ N, 37)

When the voltages of MVDC and/or LVDC bus deviate
from their rated value, the deviated voltage Avg,, is
undertaken by all the PS-DABs. The worst case is that v,
reaches its maximum value, while v, reaches its minimum
value simultaneously. In such condition, Avg, , must be

limited since every DAB module has its block voltage due to
the semiconductor devices.

AVg, , = (AV, =NNAV) /N, <AV o (38)
Where AV, ., is the maximum value of Av, , As can be

N, =

\

concluded from (38), a larger Np is beneficial to satisfying this
condition, but it is not good for the work efficiency of
HMDCSST.

B. Voltage Gain and ZVS Characteristic of PS-DAB
The voltage gain of the PS-DAB is

M =ngv, /vy p,ifd >0 (39)
M =VCh’p/an|,ifd <O (40)
According to (33), (34) and (35),
N,V

= : N,,ifd>0  (41)
Vf + Rr,avg'h,s + nsVI

_ Vf + Rr,avg'h,s NV

1 .
—,ifd <0 42
N ifd < (42)

npY v
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Fig. 16. ZVS curve of PS-DAB with SPS.

As can be seen from equations (41) and (42), if Vi and Ry ayg
are ignored and the PS-DAB has the same transformer ratio as
the SR-DAB, the input voltage unbalance will also make the
voltage gain of PS-DAB deviate from its unit gain, and even
result in PS-DABs working out of their ZVS zone.

The soft switching conditions of PS-DAB with single
phase shift control is determined by d and the voltage gain
M. It should be pointed out that the condition that the
value of d is greater than 0.35 shall be avoided when the
reactive current and the power regulating flexibility are
considered [19]. However, the smaller values of d will
reduce the ranges of ZVS. Moreover, as presented in [33],
when M>1, the current stress will increase with the
increase of M; whereas, when M<1, the current stress will
increase with the decrease of M. Therefore, M should also
be limited according the operating voltages.

Figure 16 gives a possible range of d and M that can be
used to design PS-DAB with all the factors above
considered. In the figure, the Ny drawn in red solid line
and Mps.pag drawn in red dash line are given under the
rated voltage with Np=1 and Ns=4. It can be seen that Ny
and M is nearly equivalent when d > 0, which means the
value of Ny close to 1 is beneficial to ZVS. The Cy drawn
in dashed line is the boundary that the reactive current is
less than 20% of the active current.

C. Combination of Np and Ns

For a specific application of HMDCSST, the rated voltages
of MVDC/LVDC bus, bus voltage limitations, and rated
power are fixed. According to the voltage and power of DAB
modules, the total number of PS-DABs and SR-DABs could
be determined. For better modular design, the PS-DAB and
SR-DAB should employ the same power devices and
transformers to reduce the complexity of design and
manufacturing, which means the transformer ratio should
be the same.

To improve the efficiency while ensuring the operation
safety as well, an optimal combination of N, and Ns can be
obtained by following step and an example is taken for
illustration. The system parameters are given in Tab. I.

First, the transformer ratio and the total number of
HMDCSST can be designed according to the rated voltages of
the DAB modules and the rated bus voltages; here np=ns=5
and Nps=Np+Ns=5. Moreover, the minimum and maximum
values of M are calculated, and in the case, Mmin=0.76 and
Mmax=1.4, which nearly equal the limit of Ny according to (41).

15
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13 f
1.2
11
1k
09
08 . . N . . . .
07 |

06 |

05 g 01 . 02

Ny

— —Np=1,Ns=4 ——N,=2,Ng=3 == Np=3,Ng=2----~ Np=4,Ns=1
Fig. 17. N, curve of HMDCSST with different N, and Ng: (a) at the rated
values of V,and V,, (b) at 1.05V}, and 0.95V, and (c) at 0.95V, and 1.05V,.

TABLE I
SIMULATION PARAMETERS

Parameter Value Parameter Value
Vi 10 kV45% Venp Vens 2 kV425%
Vi 400 V5% Np, Ns 5
P 1MW Nps 5
L 340 uH fs 5 kHz
L, 140 uF C, 7.2 uF
Cip Cis 1.0 mF Ln 1.3 uH
Chp Chs 1.0 mF L 50 uH
Vi 20V Rryavg 010Q

Secondly, according to the ZVC characteristics, reactive
current limits of PS-DAB and capability of overloading, the
rated value of d and the leakage inductance L can be
determined. In this case, d=0.2, and L=340uH.

Thirdly, the total number is finite, which makes it possible
to test all the combinations of N, and Ns. In the rated voltage
condition, Ny should be ensured within a reasonable range, and
in the meanwhile, Ns should be as larger as possible. In the
case, all of the combinations satisfy the limits.

At last, the worst condition needs to be checked according
to (38) to ensure the secure operation of PS-DAB. If there is
no suitable combination of N, and Ns, we may say that the
requirements of the application are too harsh for HMDCSST.
In this case, Ny=1 and Ns=4, which makes PS-DAB work
beyond the voltage limit. So in this case, Np=2 and Ns=3 is the
best combination.

Figure 17 (a) shows that all the combinations of N, and Ns
satisfy the ZVS limit under the rated voltage, but the
combination of Ny,=1 and Ns=4 makes N, (M) out of the
range of Mmin and Mmax, as shown in Fig. 17 (b) and (c). Other
combinations satisfy the limits of (38) though HMDCSST lose
ZVS at the light load, in which the combination with the
largest N;s is the best choice. If the limits of operating voltage
range change, the most suitable combination of N, and Ns
changes too, so there is no universal optimal ratio of Ny/Ns
valid for variable situations.

V. SIMULATION AND EXPERIMENT VERIFICATION
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bus voltage v changes between 380V and 375V at 0.2s and

105 ‘ ‘ ‘ ‘ ‘ ] 0.3s respectively, while the power reference Py rer Steps from
. 1.0MW to 1.2MW at 0.3s at the same time. The corresponding
g 10.0 responses of output voltage vi; and the transmitted power Py
= are given. In Fig. 18(c), the transmitted power following multi
95} ‘ ‘ ‘ ‘ ‘ ] step changes of its reference. The results shown in Fig. 18
11 ‘ ‘ ‘ ‘ ‘ verified the effectiveness of HMDCSST in constant power
s | control mode.
S 10 " A Ve Similarly, the responses of HMDCSST to various
o : disturbances under the constant voltage control are given in
0.9 ‘ ‘ ‘ Fig. 19. As can be seen, against both input and output voltage
0.2 ) 0.3 0.4 disturbances, the output voltage can be controlled to track the
@ given value of 400V.
Finally, to test the inrush current attenuation effect of the
. 380 limiter 2, responses to a step change of the power reference
2 (constant power control) without and with limiter 2 are shown
- 3751 in Fig. 20. When the limiter is absent in Fig. 20(a), the
transient peak current of the PS-DAB, i, reaches -600A
a10f ] (about 12 times than the current at steady state), and the
S transient peak current of the SR-DAB resonant tank, ir,
< 405 1 reaches 200A (1.5 times than steady state). In comparison,
- 00l __/_——— | when limiter 2 is added in Fig. 20(b), both the transient peak
‘ ‘ ‘ ‘ ‘ of the tank currents, i, and ir, are reduced (in this case, the
13 P ‘ transient peak of i is about 100A, and the transient peak of i
§ L2y ' v is about 80A). Furthermore, due to the attenuation of the
g Lir . 1 transient peak current, the settling time of the transmitted
1.0 i power has been shortened from 30ms to 6ms approximately. It
0.9 02 ‘ 03 ‘ 04 can be seen that limiting the average virtual current i" through
t(s) a limiter can not only reduce the current inrush, but also
® enable the system to enter the steady state faster.
s éz(s) Pl
£% of ] 105
-05 4
0.2 0.3 0.4
t(s) 10.0
(© L
i o _ 405 ‘ ‘ ‘ ‘ ‘ ‘ '
Fig. 18. Simulation waveforms in constant power control mode, under (a)
MVDC bus disturbance; (b) LVDC bus disturbance and power reference step <
change; (c) power reference step change ;5 400 _'—/\—-—-'—"ﬁ/*
A. Simulation Verification 305 ‘ ‘ ‘ ‘ ‘ L
The validity of the proposed modeling method has been 01 0.2 03 04 05
proved by MATLAB/Simulink in subsection E of Section II. 1(s)
In this Section, the performance of the proposed controller (ﬁ)
design is tested by MATLAB/Simulink based on the 380
parameters summarized in Table I as well. For convenience, v, S
and v, are regarded as ideal voltage sources in the above =
theoretical analysis shown in Fig. 7. In the simulation, the 3751
resistance Ry and Ry between the grid bus and the HMDCSST 410 - : : : - : :
in the high voltage and low voltage side should be considered. T 1
Three cases are carried out to test the performance of the Z 400 AF/—JL
controller design. First, when the constant power control mode s | |
is applied to HMDCSST, the waveforms under various 390 ‘ ‘ ‘ ‘ ‘ ‘ ‘
disturbances are drawn and plotted in Fig. 18. The initial 0.1 0.2 0.3 0.4 0.5
steady-state operating voltage of MVVDC bus is 10kV, then the t(([f))

voltage step ghanges to 9.5kV, 10-5k\_/1 and 10kV at 0.2s, 0-3_51 Fig. 19. Simulation waveforms in constant voltage scenario, (a) MVDC bus
0.4s respectively. The corresponding power response is disturbance; (b) LVDC bus disturbance.
illustrated at the bottom of Fig. 18(a). In Fig. 18(b), the LVDC

0885-8993 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2019.2935029, IEEE

Transactions on Power Electronics

IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE

06 [ b
Ptref
0.4

T
I

T
I

P (MW)

0.2

0
400
0
-400

iL(A)

-800
200

ir (A)

200p 0
0.1 0.15 0.2
1(s)
@

Plref

P (MW)
©c o o
N Ao

150

iL(A)

-150
150

ir (A)

0
0.1 0.15 0.2
t(s)
(b)

Fig. 20. Step response waveforms of power transmission, (a) without limiter 2;

(b) with limiter 2.

B. Experiment Results

To better verify the improving effect of the proposed
HMDCSST in efficiency, a simplified experimental prototype
consisting of one PS-DAB module and two SR-DAB modules
was developed, as shown in Fig. 21. In the system
configuration (Fig. 21(a)), a three-phase uncontrolled rectifier
bridge is used to maintain the high voltage dc bus at 220V by
adjusting the ac voltage regulator manually. To simulate the
low dc grid, a battery stack is connected to the low-voltage dc
bus through a DC-DC converter to maintain the low-voltage
dc bus vy’ at 72V. And in case of bidirectional power flow
verification, a resistor Ry’ is connected in parallel on the high-
voltage side to provide a branch for reverse power flow. Ry’ is
the resistance between the HMDCSST and the low-voltage dc
grid.

Figure 21(b) is the picture of the prototype. In the main
control unit (MCU) and in each PS-DAB module, a DSP chip
of TMS320F28335 is put for the validation of the proposed
control algorithm, and a Xilinx XC3S400 FPGA chip is
responsible for processing the communication tasks and/or
generating the firing pulses. Specifically, the MCU DSP

receives the voltage sampling data from the FPGA, and
generates the phase shift signals through the control program,
and then sends them to the PS-DAB module. The SR-DAB
modules operate under 50% duty cycle open loop control, and
do not need communication optical fiber. Table Il gives the
experimental parameters. For fair comparison, the
conventional DCSST uses three PS-DABs with single phase
shift control. The rated power is 500 W, the same as that of the
PS-DAB in the HMDCSST.

First, experimental curves of the transfer efficiency of
HMDCSST are shown in Fig. 22(a) in the bidirectional power
range. Corresponding results of the conventional DCSST
based on PS-DAB purely are also given for comparison. As
can be observed, the power transmission efficiency of the
proposed HMDCSST is always higher than that of the pure
PS-DAB based DCSST in the entire output power range. And
the two efficiency curves have similar trend. The maximum
efficiency of the HMDCSST is about 94.2% at about 400W, a
significant improvement compared with the conventional one
which is about 91.7%. The efficiency is about 10% higher
compared with the conventional DCSST in light load
condition (about 100W).

The loss analysis is performed as shown in Fig. 22 (b) and
Fig. 22 (c). The loss breaking down of PS-DAB and SR-DAB
at different load is displayed in Fig. 22(c), in which the loss of
SR-DAB is always less than that of PS-DAB as expected. The
switching loss of SR-DAB is nearly zero thanks for its ZCS.
The conduction loss and transformer loss of SR-DAB are also
less than those of PS-DAB, for the so-called circulated current
exists in the PS-DAB with single phase shift control. Under
light load, PS-DAB’s switching loss is high for the lack of
ZVS. So, it is clear that the SR-DABs contribute to the
HMDCSST’s efficiency improvement.

The measured input voltage unbalance factor N, is
displayed in Fig. 23 of which the trend is consistent with
theoretical analysis.

Pforward
Lp; HMDCSST i L
PS-DAB [ ] C Ry
' |SR-DAB II ‘ | S
— || -|PAB
0~220VAC 7ovDC  Battery stack
————— 72V 33Ah
220VDC Phackforward
(@)
— ]
HMDCSST -
Control
PS-DAB SR-DAB1 SR-DAB2 module :
P PS-DAB

(b)
Fig. 21. Experimental system of HMDCSST, (a) System configuration,
(b) Picture of the laboratory setup.
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TABLE Il
EXPERIMENT PARAMETERS

Parameter Value Parameter Value
Vi 220V L, 141 uH
\ 2V L 240 uH

Nps 3 f, 5 kHz

Np, Ns 1 Chp Chs 2.4 mF
Cip: Cis 2.4 mF C 7.25 uF
Ly 7.4 uH L 7.4 uH

Ry’ 10 Ry’ 96 Q

Secondly, detailed waveforms of the two types of DAB
modules of HMDCSST in bidirectional power flow (100W
and -100W) operation are provided in Fig. 24. Figure 24(a)
and (b) show the waveforms of the PS-DAB in bidirectional
power flow respectively, including the ac square-wave
voltages of the primary/secondary side H bridges, vnpand v,
and the current of the HFT, i.. Figure 24(c) and (d) show the
square-wave voltages of the SR-DAB module in bidirectional
power flow, wvhs and wvis, and the resonant current, iy
respectively. It can be seen that the PS-DAB works in hard
switching mode when the system operates under light load
(100W/-100W), whereas the SR-DAB always works in
ZVS/ZCS mode irrespective of the load condition, which is
one of the reasons why the proposed HMDCSST can increase
the efficiency in contrast with the conventional one based on
PS-DAB purely.

The experimental step change responses of the power
reference and the high/low voltage dc buses under constant
power control are depicted in Fig. 25. As can be seen in Fig.
25(a), the output current can follow the reference value
quickly. In Fig. 25(b), the high voltage dc bus v, changes from
220V to 210V, and then steps back to 220V after 4.5s; in Fig.
25(c), the low-voltage dc bus v’ changes from 71V to 73V,
and then goes back to 71V after 4.5s. In both cases, the
HMDCSST can regulate its transmitted power.

Figure 26 shows the experimental responses under constant
voltage control under various disturbances. In Fig. 26(a), the
output voltage vi1 quickly track its reference value which
changes from 72V to 71V and goes up to 73V. In Fig. 26(b),
the voltage of the high voltage dc bus v, changes from 220V
to 210V and goes back to 220V after 3.8s. In Fig. 26(c), the
voltage of the low-voltage dc bus v;> changes from 73V to
71V and goes up to 73V after 4.0s. In both cases very small
voltage deviations are observed under the high and low
voltage dc bus disturbances. In addition, the tank currents
including the inductance current of the PS-DAB, i, and
resonant current of the SR-DAB, iy, are all provided in Fig. 25
and Fig. 26.

V1. DISCUSSION

In this paper, both the PS-DAB and the SR-DAB employ
the simplest topology and control strategy to illustrate the

concept of HMDCSST. In fact, there are some issues need to
be considered further.
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Fig. 22. Experimental measured efficiency and loss breaking down
(a)Comparison between the proposed HMDCSST and the conventional
DCSST based on PS-DAB purely;(b) Measured efficiency of PS-DAB
and SR-DAB;(c) Power loss breaking down of PS-DAB and SR-DAB.
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Fig. 23. Measured and theoretical input voltage unbalance ratio
between SR-DAB and PS-DAB.

For PS-DABs, some control methods which have obvious
advantages, such as triple phase-shifting control as mentioned
in Section I, can be used to improve the ZVS and reactive
current characteristics of PS-DAB, which is good for
improving the efficiency and widening the voltage operation
range of HMDCSST. Besides, the current sharing among PS-
DABs can be improved by utilizing auxiliary voltage-
balancing control [34].
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Since the HMDCSST is a general structure more than a
certain topology, its performance could be optimized and
improved in future. The original motivation for proposing
the HMDCSST is to simplify the design and control of
DCSST, reduce the components, processors and sensors,

and ensure the system flexibility, reliability and efficiency.

should be
efficiency,

Therefore, the optimization objectives
considered comprehensively and cover
reliability and cost and so on.

VI1l. CONCLUSION

In order to improve the power transmission efficiency of the
DC solid-state transformer and maintain a certain regulation
capability of power and output voltage in the meanwhile, this
paper proposes a hybrid modular DC solid-state transformer
topology. The average model and low-frequency small-signal
model of the new DCSST are firstly established, and the effect

of the input/output LC filters on the system response
characteristics is analyzed. Then two control strategies under
the constant power and the constant voltage control are
designed, and furthermore, the stability is analyzed. In
particular, some designing problems with respect to the
module number combinations of the two-type DABs in the
HMDCSST are selected and discussed with both the
characteristics of ZVS and the input voltage unbalance factor
taken into consideration. Finally, simulation and experiments
are performed to confirm the feasibility of the presented
HMDCSST, which is characterized by better efficiency and
simpler control compared with conventional DCSST based on
PS-DAB purely, and the power/output voltage can be
regulated with good performance.
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