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Abstract—One promising topology for solid state transformer
(SST) is a modular multilevel cascaded converter, in which sub-
module is composed of dual active bridge (DAB) and H-bridge.
For SST application in PV system, the efficiency could be severely
affected especially for DAB due to the wide voltage and power
range of PV panels. Thus, the motivation of this paper is to deal
with the control strategy to improve DAB efficiency inside SST
for PV application. Instead of utilizing time-domain based analy-
sis method, which requires complex modeling process, this paper
models DAB under frequency domain by fully considering the ef-
fect of both fundamental and harmonic frequency component. To
achieve high efficiency operation, a multiorder reactive-current
suppression (MRS) strategy is proposed by controlling phase shift
angle as well as the duty cycles of primary and secondary side H-
bridges. In terms of DAB controller design inside SST, the small
signal model under MRS is established and a notch filter is imple-
mented to suppress the second order line frequency fluctuation in
the control loop. Finally, a 10 kV/1 MW SST prototype is intro-
duced along with the system control structure and implementation
method. The experiment of the submodule and SST confirms the
effectiveness of proposed method.

Index Terms—Dual active bridge (DAB), efficiency, frequency-
based analysis (FDA), modulation scheme, solid state transformer
(SST).

I. INTRODUCTION

SOLID state transformer (SST) has been comprehensively
investigated as a promising equipment for the innovation of

modern smart grids. The basic idea of SST is medium voltage ac
grid access through medium- or high-frequency isolation based
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on power electronics technology [1], [2]. This configuration not
only enables the weight and volume reduction comparing with
conventional low frequency transformer, but also allows for bet-
ter interaction with power grid combing with state-of-art control
techniques. Functionalities including the power flow manage-
ment, voltage sag compensation, power quality improvement,
and fault current limitation can be achieved [3]. Till now, there
are numerous temptations which utilize SST in real applications
like locomotives, electrical ships, and smart grids [4]–[6].

With the exponentially increase of PV plants capacity, there
is higher demand for friendly interface between PV panels and
power grid. Conventionally, PV system is based on a low voltage
inverter and line frequency transformer. This structure shows its
drawbacks. First, inverter has its own inverting constraint, which
means PV plant could reduce its power generation when the out-
put voltage of PV panels is low. Second, traditional transformer
is undesirable in bulky size, environmental concern, and power
quality susceptibility [7]. Thus, many papers present the ideas
of SST application in PV plants [8], [9]. However, most of these
ideas are only verified through lab-scale prototypes. In order
to realize the real application of SST in PV plants, modular
multilevel cascaded converter based SST serves as the promis-
ing candidate due to its modularity, scalability, feasibility, high
step-up ratio, and waveform quality [10]. In terms of SST sub-
module, it is composed of galvanic isolated dc–dc stage and
dc–ac stage. For dc–ac stage, it can be realized with H-bridge
inverter. For dc–dc stage, literatures have analyzed different
topologies [11], [12]. In this paper, dual active bridge (DAB) is
used owing to its wide range operation capability and high ef-
ficiency performance [13]. For the interconnection between PV
panels and SST, Yu et al. [8], Wang et al. [14], and Sochor and
Akagi [15] present the distributed connection of PV string with
SST submodule. Even though the individual MPPT for each
PV string can be realized, there are problems for per-phase and
per-module imbalance. The per-phase balance can be achieved
through circulating current or common mode voltage injection
[8], [15] and the per-module balancing can be achieved through
feedforward control or modulation improvement [16]. Despite
these efforts, there is only a limited range for per-phase and
per-module balancing [15]. Moreover, extra harmonics could
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Fig. 1. Structure of SST for PV application.

be raised due to the balancing effect [17]. On the other hand,
PV panels can converge into uniform dc bus and connects with
SST [9], which inherently alleviates the imbalance problem.
This paper adopts the structure with uniform dc bus and the
system structure is plotted in Fig. 1.

One of the greatest concerns of PV plants is efficiency. How-
ever, PV panel output characteristics are affected by many fac-
tors like radiation, temperature, and shading. In effect, it exhibits
wide range for output voltage and power, which mainly affects
the efficiency of SST dc–dc stage. In order to maintain high
efficiency in wide operation range for DAB, numerous modula-
tion strategies have been developed. Based on their methods to
analyze DAB, these methods can be categorized into time do-
main analysis (TDA) [18]–[22] and frequency domain analysis
(FDA) [23]–[26]. TDA-based method is intuitive and precise,
which is most widely used in literatures. By building DAB
model in time domain, the drawbacks of using conventional
phase shift modulation (PSM) under wide input voltage range
can be revealed. The control freedom of duty cycles of primary
and secondary side H-bridge duty cycles are introduced and lit-
erature are reported to achieve higher efficiency performance
than PSM [18]. By means of comprehensive calculation, the
minimum rms current is achieved with general closed-form so-
lutions in [19]. Aiming at the same goal, Tong has derived the
analytical expression of triple-phase-shift modulation scheme
to achieve minimum rms current. The global optimization mod-
ulation (GOM) is developed, which not only saves the off-line
computation effort but also satisfies the implementation in wide
operation range [20]. Switching loss is another major contrib-
utor for DAB loss. In [21], ZVS capability of each switch is
analyzed and modulation strategy to achieve ZVS for all the
operation range is introduced. By establishing DAB complete
loss model, the modulation method to achieve optimal efficiency
is presented in [22]. Generally, for the studies under TDA, the
literatures divide the switching cycle into different period and
build the model accordingly. However, the determination of each
period requires huge on-line or off-line computation. Moreover,
different strategies, wide voltage, and power range significantly
exacerbate the calculation effort.

Alternatively, the universal model of DAB could significantly
alleviate the modeling process by analyzing the voltage and cur-
rent in frequency domain. In [23], FDA is utilized to determine
the ZVS range for both single and three-phase DAB converter.

In [24], FDA is implemented in three level DAB, which has
significantly simplified the modeling process. In terms of FDA-
based efficiency improvement modulation strategies, Zhao has
investigated the analytical relationship in each order and sup-
pressed fundamental reactive power by changing the duty cy-
cle of H-bridge [25]. Another method is also based on funda-
mental frequency component optimization and is reported to
achieve smaller rms current as well as wider ZVS range in
[26]. From these studies, FDA advantages are shown in three
aspects:

1) FDA modeling is simple. It is independent of different
working condition, which effectively alleviates the mod-
eling complexity.

2) The physical meaning can be revealed. The reactive and
active component can be clearly expressed in analytical
form under FDA.

3) FDA can be easily extended to single phase or three phase
DAB converter.

Due to all these merits, FDA is utilized in this paper for the
DAB modeling. The general model of DAB can then be derived
by considering three control variables: primary side H-bridge
duty cycle, secondary side H-bridge duty cycle, and phase shift
angle. Based on FDA, this paper studies the analytical relation-
ship between voltage and current in each order using vector dia-
gram. Previously, FDA-based efficiency improvement methods
mainly focus on fundamental frequency component. However,
as is revealed in this paper, the harmonic component becomes
dominating when input voltage is low and the power is small.
This working condition is common regarding PV application.
Thus, it demands to consider not only the fundamental fre-
quency but also the harmonic frequency component. Following
the motivation to achieve high efficiency, this paper proposes
a novel multiorder reactive-current suppression (MRS) method
for DAB. The physical essence is explained and the implemen-
tation method is illustrated. By suppressing the reactive current
in both fundamental and harmonic order, MRS shows effec-
tive reduction of rms current, which increases DAB efficiency
comparing with conventional FDA-based modulation method.
Besides the efficiency improvement of DAB, this paper also
analyzes DAB operation inside SST system, in which second
order line frequency power fluctuation exists inside each SST
submodule. PI+notch controller is designed based on the DAB
general average model under MRS. Finally, SST system control
scheme suitable for PV application is introduced. The novelty
of this paper is as follows:

1) Instead of utilizing time-domain based analysis method,
this paper fully considers not only fundamental frequency
component but also harmonic frequency component in
both analysis and modulation method design.

2) To achieve high efficiency operation in PV application,
MRS strategy is proposed for DAB, the implementation
method is presented, and small signal model is established.

3) 10 kV/1 MW SST prototype is introduced along with
the system control structure and detailed implementation
method.

The paper is organized as follows: In Section II, FDA-
based DAB modeling is achieved and previous modulation
methods are analyzed. To further improve DAB efficiency,
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Fig. 2. (a) DAB circuit diagram. (b) General gating signals and waveforms of
v1 and v2 .

Section III proposes MRS along with its implementation
method. In Section IV, the small signal model is estab-
lished for DAB and the controller design is presented. Finally,
Section V introduces the 10 kV/1 MW SST prototype and sys-
tem control strategy. The experiment to verify proposed method
is also presented.

II. DAB ANALYSIS UNDER FREQUENCY DOMAIN

A. DAB Modeling

The circuit topology of DAB converter is shown in Fig. 2(a).
Here, Vin and Vo are the input side voltage and output side
voltage respectively, v1 and v2 present the output voltage of
H-bridge in primary and secondary side, and iL is the inductor
current. For the output voltages of H-bridges in primary and
secondary side, their duty cycles are variable and are expressed
as d1 and d2 . The phase shift angle is defined as α. In this paper,
DAB modeling and modulation is achieved with three control
variables d1 , d2 , and α. Using three control variables, the DAB
gating signals and bridge output voltages are shown in Fig. 2(b).

Under frequency domain, H-bridge output voltages v1 can
be expressed as the combination of voltage in each order as in
the following equation. Here, the voltage in each order can be
obtained in vector form

v1(t) =
∑

n=1,3..

v1 n (t) =
∑

n=1,3..

V1 n∠θ1 n (1)

v1 n presents the nth order component for v1 . Due to the
symmetric nature of DAB, v1 n is composed of fundamental
component and odd order harmonic component [25]. Here, V1 n

and θ1 n are the magnitude and angle of v1 n , respectively. Their
expressions are shown in the following:

V1 n = (−1)
n −1

2
4Vin

nπ
sin (nπd1)

θ1 n = 0. (2)

Similarly, v2 can be expressed as

v2(t) =
∑

n=1,3..

v2 n (t) =
∑

n=1,3..

V2 n∠θ2 n (3)

where the magnitude and angle satisfy the following:

V2 n = (−1)
n −1

2
4Vo

nπ
sin (nπd2)

θ2 n = nα. (4)

These voltages apply on inductor and generate DAB current.
Due to the large magnetizing inductance in DAB, the magne-
tizing current can be ignored. Thus, the current waveform in
the primary side and secondary side is the same except for the
value difference bought by the transformer. DAB analysis can
be taken by considering primary side current iL , which satisfies
the following:

iL (t) − iL (t0) =
1
L

∫
[v1(t) − 1

K
v2(t)]dt (5)

where K is the turns-ratio of transformer. For DAB, the current
is symmetric for each half of switching period, which can be
expressed as

iL (t) = −iL

(
Ts

2
+ t

)
. (6)

As is shown in (5), DAB current can also be written in vector
form with the expression shown in the following:

iL (t) =
∑

n=1,3..

iL n (t) =
∑

n=1,3..

IL n∠θn
L . (7)

Combing (1)–(6), the magnitude and phase angle of DAB
current in each order can be formulated as (8) shown at the
bottom of this page.

IL n =

√(
4 (Vo sin (nπd2) cos (nα) − KVin sin (nπd1))

Kn2πωL

)2

+
(

4Vo sin (nπd2) sin (nα)
Kn2πωL

)2

θL n = arctan
(

Vo sin (nπd2) cos (nα) − KVin sin (nπd1)
Vo sin (nπd2) sin (nα)

)
(8)
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TABLE I
PARAMETERS OF DAB

Previous equations show that inductor current in each order
is composed of two parts, which can be defined as

iLd n =
4Vo sin (nπd2) sin (nα)

Kn2πωL

iLq n =
4 (Vo sin (nπd2) cos (nα) − KVin sin (nπd1))

Kn2πωL
. (9)

Since rms current is the main concern for modulation strategy,
the rms current under FDA can be derived as follows:

IL RMS =
√ ∑

n=1,3..

(
(iLd n )2 + (iLq n )2

)
. (10)

Combining with the voltage expression in (1), only iLd pro-
duces active power with the voltage of the same frequency or-
der while iLq only contributes to reactive power. Thus, the total
power in DAB can be derived based on (1) and (8). Adding
up the power in each order, the overall power of DAB can be
expressed in the following:

P =
∑

n=1,3..

pn =
∑

n=1,3..

8VinVo

Kn3π2ωsL
sin (nπd1)

sin (nπd2) sin (nα). (11)

Under frequency domain, the universal model of DAB is
established. This model does not rely on DAB working condi-
tion and control variables, which significantly reduces model-
ing complexity comparing with TDA. Then, different control
schemes can be analyzed.

B. FDA Under Reported Modulations

PSM is simple and widely used for DAB [5]. By operating
both H-bridges of DAB with maximum duty cycles (d1 = d2 =
0.5), this method controls the output power by shifting the phase
angle between two H-bridges. PSM is most preferable when the
input and output voltage are similar. To analytically explain this,
we take the example of DAB in SST submodule when input and
output voltages are the same. The parameters of DAB are shown
in Table I.

First, we analyze the case when DAB operates under PSM and
input voltage equals output voltage. As for the operating power,
PV panel output power is affected by many factors. In real ap-
plication, low power rating operating is common for PV panels.
Thus, 5 kW is selected for case study. This is defined as case I.

Fig. 3. Vector diagram of voltage and current at 1st, 3rd, and 5th order in case I.

Fig. 4. Vector diagram of voltage and current at 1st, 3rd, and 5th order in
case II.

To analytically illustrate the key components, the vector dia-
gram of the voltages and currents is depicted for fundamental,
3rd order and 5th order in Fig. 3. In the figure, the length of the
vector is proportional with the magnitude and the phase angle
is the same with the case. Since the voltage and current value
reduces with the frequency order, even higher order component
is ignored. In the vector diagram, the primary side voltage com-
ponent lies in d-axis. Only the current component in the d-axis
produces active power, which is iLd according to (9). The current
component in the q-axis produces reactive power, which is iLq .

Here, iLd n represent the nth order active current while iLq n

represents the nth order reactive current. From Fig. 3, it can be
seen that under PSM, the phase shift angle is small. Due to the
similar input and output voltage, iLq is negligible comparing
with iLd , which means most of the inductor current contributes
to active power. This explains small rms current of DAB when
input voltage and output voltage equals under PSM. However,
in PV application, the input side voltage has wide operation
range, while DAB output voltage Vo is always kept the same
since it serves as stable voltage source for cascaded H-bridge.
Thus, it requires to consider the performance when there is
difference between DAB input and output voltage. Considering
the case when Vin = 500 V, Vo = 800 V, and P = 5 kW under
PSM, which is defined as case II, the vector diagram can be
plotted in Fig. 4.

According to Fig. 4, there is significant increase of iLq at
fundamental frequency. Since the phase shift angle is small,
the voltage difference directly applies to inductor and causes
large iLq , the current would become even larger with smaller
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Fig. 5. Vector diagram of voltage and current at 1st, 3rd, and 5th order in
case III.

input voltage. For the higher order component, iLq is less sig-
nificant. This is because of the smaller voltage at higher order
and the smaller voltage difference in d-axis due to larger phase
difference.

Focusing on the fundamental frequency component, Zhao
et al. [25], Choi et al. [26] propose the method to suppress
DAB inductor current through changing the duty cycle of H-
bridge with higher dc voltage. To optimize the current at fun-
damental frequency, fundamental duty modulation (FDM) is
proposed in [26]. The equivalent duty cycle of secondary side
is expressed in the following and the primary side duty cycle
is 0.5

d2 =
arcsin

(
K V i n sin (πd1 )

Vo cos (α)

)

π
. (12)

Following FDA, DAB operates when Vin = 500 V, Vo =
800 V, and P = 5 kW, which is defined as case III. The vec-
tor diagram is depicted in Fig. 5 accordingly.

The result shows that FDM is effective in reducing funda-
mental frequency current. The fundamental iLq is almost elim-
inated under FDM. However, the harmonic current, especially
for 3rd order, increases significantly. The reason can be ex-
plained through vector diagram. Comparing with primary side,
secondary side voltage has different polarity for 3rd voltage
component according to (4). For previous case, primary side
voltage and secondary side voltage cancel each other in d-axis.
However, in case III, the voltages almost add up in d-axis, which
generates large iLq . Due to the small d2 under FDM, the funda-
mental component is optimized. However, d2 is so small com-
paring with d1 that the voltage vectors have different polarity at
low harmonic orders. This situation happens with large voltage
difference and small output power (also means α is relatively
small) according to (12). In fact, small input voltage and small
output power happens simultaneously in PV application [27].
Shading of PV panel, insufficient solar sunshine makes this ef-
fect very common in PV plants. Thus, to damp the large DAB
reactive current in PV application, it demands more considera-
tion beyond fundamental component optimization.

Fig. 6. RMS current under different d1 and power at (a) Vin = 400 V,
(b) Vin = 500 V, (c) Vin = 600 V, and (d) Vin = 700 V.

III. MRS MODULATION SCHEME FOR DAB

A. Principle of MRS Modulation Scheme

RMS current is one major concern for the development of
DAB modulation strategy. Conventionally, FDA-based modula-
tion method reduces the rms current by optimizing fundament
frequency current. However, last chapter reveals that the opti-
mization of fundamental frequency current is not enough, the
reactive current at harmonic frequency could significantly in-
crease rms current. In order to maintain small rms current in
wide operation range, this chapter fully considers the harmonic
as well as fundamental component and proposes to suppress the
reactive current in each order.

As is analyzed previously, the large fundamental reactive cur-
rent significantly increases rms current and needs to be sup-
pressed in the first step. Therefore, (12) must be satisfied in the
first step. Instead of setting d1 to be 0.5 in conventional method,
d1 is changed from smallest value to maximum value and DAB
rms current can be numerically derived under different power.
Herein, DAB another control freedom, phase shift angle is de-
rived to satisfy DAB power according to (11). Thus, the rms
current of DAB can be determined according to (10). The nu-
merical result is depicted in Fig. 6 under different input voltage
and different power.

As is shown in the result, rms current is large when d1 is
large. The reason for large rms current is due to large reactive
current at harmonic order, which is discussed in previous chap-
ter. When d1 is small, rms current is also large. This is because
smaller duty cycle means smaller equivalent voltage applied on
the high frequency link, which requires larger current to gen-
erate required power. This figure also shows that optimized d1
varies with different power and input voltage. Thus, it is diffi-
cult to directly derive ideal d1 through mathematic derivation.
Alternatively, the relation between d1 and d2 can be investigated
under minimum rms current. For different working condition,
the minimum current is derived through numerical comparison
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Fig. 7. Relation of d1 and d2 under minimum rms current.

in MATLAB. The corresponding d1 and d2 can then be derived.
The result is shown in Fig. 7.

This result shows that d1 is proportional with d2 under mini-
mum rms current. By examining the ratio for each input voltage,
it satisfies

d1

d2
=

KVin

Vo
. (13)

In essence, this relationship shows significant meaning both
in time domain and frequency domain. As long as (13) is sat-
isfied, the voltage second balance is achieved for every half of
switching cycle. Due to the symmetric nature of DAB, the cur-
rent is zero when both primary side and secondary side voltage is
zero. This situation happens when DAB operates with small in-
put voltage at light load condition. Thus, the power is delivered
only for part of switching period. This resembles burst mode
operation, which is effective in improving efficiency, especially
at light load condition.

With respect to the physical meaning under frequency do-
main, (12) and (13) enable the suppression of multifrequency
reactive current. Since the reactive current only contributes to
large rms current, it is effective to increase converter efficiency
by suppressing reactive current in each order. Following (13),
the voltage second balance and symmetric nature of DAB guar-
antees that the current is zero at half of switching period based
on previous analysis. Combing the expression of DAB current
in (8), the following relation can be derived in the following:

iL (
π

ωs
) =

∑

n=1,3..

4
n2πωL

×
(

VH

K
sin (nπd2) cos (nα) − VL sin (nπd1)

)
= 0.

(14)

This means the sum of reactive current in each frequency
order is zero. The fundamental reactive current is eliminated
according to (12). However, the 3rd order reactive current be-
comes significantly larger than reactive current in other fre-
quency order. As long as (14) is satisfied, the dominating 3rd
reactive current can be effectively suppressed. For iLq at higher
orders, they reduce with the frequency order and are negligible.

Fig. 8. DAB control structure.

Therefore, multifrequency reactive-current suppression (MRS)
can be achieved.

B. Implementation of MRS Modulation Scheme

To achieve the implementation of MRS in real application, the
expression for three control variables must be first determined.
Here, (12) and (13) are combined, which can be represented as

sin (πMd1) cos (α) = M sin (πd1) (15)

where M satisfies

M =
KVin

Vo
. (16)

The equation is nonlinear and difficult to implement in digital
controller. Thus, Taylor series expansion is utilized. Equation
(15) can be expressed as

(
πMd1 − 1

6
(πMd1)

3 + o(d5
1)

) (
1 − 1

2
α2 + o(α4)

)

= M

(
πd1 − 1

6
(πd1)

3 + o(d5
1)

)
. (17)

Considering that both d1 and α are smaller than 0.5, their
high order component, which is expressed as o(d5

1) and o (α4),
can be ignored. Thus, d1 can be obtained as

d1 ≈
√

3
π
√

1 − M 2
α. (18)

For implementation simplicity, (13) is used to derive d2

d2 =
√

3M

π
√

1 − M 2
α. (19)

For controller implementation, α can be obtained with con-
troller of DAB. The duty cycles can be derived through (13) and
(18). Here, both d1 and d2 are confined within 0.5. The DAB
control structure is shown in Fig. 8. Since the adjustment of d1
and d2 is mainly for the efficiency improvement at steady state, a
low pass filter is inserted before deriving the duty cycles. There
is no low pass filter for phase shift angle so that the dynamics
of DAB converter can be guaranteed.

To verify effectiveness of multifrequency reactive current
suppression, the numerical result of reactive current at different
order is shown in Fig. 9. Here, three different control methods:
PSM, FDM [26], and MRS are compared. The result shows that
MRS achieves the suppression of reactive current for different
orders under different voltages.
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Fig. 9. Reactive current at different order under P = 5 kW at (a) Vin = 400 V,
(b) Vin = 500 V, (c) Vin = 600 V, and (d) Vin = 700 V.

Fig. 10. DAB rms current at different modulation strategies at (a) Vin =
400 V, (b) Vin = 500 V, (c) Vin = 600 V, and (d) Vin = 700 V.

Reactive current is only part of total rms current. In order to
fully exam the effect of MRS in DAB rms current suppression,
PSM and FDM are compared with MRS. The results are shown
in Fig. 10 with different input voltages and power ratings.

As is shown in Fig. 10, MRS obtains smallest rms current
comparing with PSM and FDM, especially at light load con-
dition. When DAB operates at larger output power, the active
current must be larger. This means the reactive current portion
becomes smaller. Suppression of multifrequency reactive cur-
rent is less effective. Under this condition, three methods have
similar rms current. When DAB output power is lower, smaller
active current is required. This means the reactive current com-
poses larger portion of rms current. Thus, MRS achieves more
significant rms current reduction.

IV. DAB CONTROLLER DESIGN

A. DAB Small Signal Model Under MRS

In order to achieve controller design, a DAB small signal
model under MRS must be established first. According to KVL
and KCL, DAB current and output voltage can be expressed as
follows:

L
diL
dt

= Sp(t)Vin − Ss(t)Vo

C
dvo

dt
= −io + Ss(t)iL (20)

here, Sp and Ss presents the switching state of primary and sec-
ondary side and they are time-varying and nonlinear. In order to
achieve the linearization, generalized average modeling method
can be utilized. According to the method in [28] and [29], the
flourier series of Sp and Ss can be expressed through complex
conjugates. The expression for real and imaginary parts in each
order can be expressed in the following:

〈Sp〉Rn =
sin (2nπD1)

2nπ

〈Sp〉In =
cos (2nπD1) − 1

2nπ

〈Ss〉Rn =
sin (2nπD2 + nα) − sin (nα)

2nπ

〈Ss〉In =
cos (2nπD2 + nα) − cos (nα)

2nπ
. (21)

According to [30], the derivative of state variable can be
solved and leads to the linearization of DAB state equations

d

dt
〈x〉n =

〈
d

dt
x

〉

n

− jnωs〈x〉n

〈xy〉n =
∞∑

i=−∞
〈x〉n−i〈y〉i . (22)

For the inductor current, fundamental, 3rd and 5th order com-
ponents are taken into consideration. For the output voltage,
only the dc component is considered. In terms of the duty cy-
cles, they only determine the steady state performance, which
can be considered as constant in the small signal perturbation.
Thus, following the method in [28], the small signal model is
obtained. The detailed derivation is shown in Appendix. The fre-
quency response of DAB phase shift angle to the output voltage
is drawn in Fig. 11.

The bode plot shows the frequency response to half of switch-
ing frequency, in which DAB small signal model is a first order
system. By considering low order harmonic frequency compo-
nent beyond fundamental frequency, there is small difference
in the magnitude. Even higher order harmonic frequency com-
ponent only brings negligible difference. Thus, they are not
considered in the bode plot. In order to verify the correctness
of small signal model, the simulation result using Simplex is
also shown in Fig. 11. The result of small signal model and
simulation result match with each other. By considering low
order harmonic frequency component, the small signal model
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Fig. 11. Frequency response of phase shift angle to output voltage.

becomes more precise. The frequency response shows that DAB
small signal model under MRS is mainly composed of one pole
in the low frequency region, which could facilitate the voltage
controller design.

B. DAB Controller Design in SST

Power fluctuation of second order line frequency is one of
the greatest concerns for single phase grid-tied converter. Even
though SST is three phase system, the power is stable only for
dc input side. There is still power fluctuation in each submodule.
Thus, controller design of DAB inside SST submodule needs to
analyze the impact of the fluctuation.

PR controller enables the suppression of second order line
frequency voltage fluctuation at DAB output capacitor and is
introduced in [31]. In essence, this method adjusts the output
power of DAB in accordance with the inverter side power, thus
DAB output voltage is kept stable. However, there are two prob-
lems with this method. First, the peak power for inverter is
twice its average power. Thus, DAB also operates at twice its
power rating. This brings problem in the semiconductor device
selection and transformer design. Second, the wide operating
range affects efficiency. Under this control method, DAB power
varies from zero to twice the average operating power. Since
power converter suffers low efficiency at light and heavy load
condition, this method will undermine DAB efficiency.

Alternatively, DAB controller can ignore the power fluctua-
tion, leaving output capacitor to damp the voltage perturbation.
In real application of cascaded converter, capacitor is always
designed based on the maximum voltage fluctuation [32]. Thus,
for the 10 kV/1 MW SST system, DAB controller does not have
to take responsibility for the suppression of voltage perturba-
tion. Since the capacitor cannot designed to be infinite large,
there is always fluctuation at DAB output voltage. As is shown
in Fig. 13, there is large magnitude at twice the line frequency
for DAB small signal model. The voltage fluctuation would af-
fect the stable operation of DAB controller. In order to suppress
the voltage perturbation effect on the control loop, notch filter
is implemented in this paper. Therefore, the control system of

Fig. 12. Bode plot of DAB open loop gain after compensation.

DAB is the combination of PI controller and notch filter. The
expression of notch filter is shown in the following:

Gnotch(s) =
s2 + kaωs + ω2

s2 + kbωs + ω2 (23)

here, ω is the target frequency of notch filter and ka and kb

determine the effect of notch filter. After the controller design,
the open loop gain is shown in Fig. 12.

The effect of notch filter can be shown in simulation re-
sult. The simulation is based on SST submodules in Simulink
MATLAB. Here, three control methods: PI+PR control, PI con-
trol and PI+notch control are used. The simulation result is
shown in Fig. 13. Here, tps is the time difference between pri-
mary side and secondary side.

The result shows that PR controller is effective to suppress
the output voltage perturbation. However, the current changes
most significantly. The large current variation places burden on
power switch as well as DAB efficiency. By using PI control,
the control loop is still affected by the voltage fluctuation, as is
shown in tps waveform. This is due to the gain at 100 Hz in-
side DAB control loop. With the implementation of notch filter,
there is no perturbation in tps , which means the second order
line frequency component is filtered out of the control loop.
Under this control scheme, DAB is less effective to damp the
power fluctuation. In order to suppress the voltage fluctuation on
the intermediate dc bus between DAB and H-bridge, large ca-
pacitance is designed. The large dc capacitor not only maintains
small voltage perturbation but also offers better performance
during dynamic operation like low voltage ride through. Under
this design method, DAB power is maintained stable under such
control scheme, which not only facilitates the switch selection,
transformer design, but also achieves high efficiency.

V. EXPERIMENT RESULT

The experiment is mainly composed of three parts, in which
the first part presents the experiment on DAB. The second part
introduces SST system and the last part shows the experiment
on SST.
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Fig. 13. Simulation waveform of DAB using different controller. (a) PI+PR
controller. (b) PI controller. (c) PI+notch controller.

Fig. 14. DAB experiment platform.

A. DAB Experiment

In order to verify the effectiveness of proposed MRS modu-
lation scheme, DAB converter is constructed with the parameter
shown in Table I. DAB prototype and the experiment platform
is shown in Fig. 14.

Fig. 15. DAB waveform when P = 20% rated load at (a) Vin = 400 V,
(b) Vin = 600 V, and (c) Vin = 800 V.

Under different voltage, the key waveforms of DAB are shown
in Fig. 15. Here, the output power is around 20% load and from
(a)–(c) the input voltages are 400 V, 600 V, and 800 V, respec-
tively. The inductor current, primary side voltage, and secondary
side voltage are included in the waveforms. The waveforms
show that the duty cycle increases when the voltage difference
reduces. When input voltage is the same with output voltage,
MRS becomes PSM. When the input voltage is half of output
voltage, the current becomes triangular waveform. This can be
explained by (18). Under this case, MRS is equal to GOM in
[20], which proves to achieve smallest rms current.

At the same input voltage, the waveforms under different
power rating are shown in Fig. 16. Here, Vin = 700 V and the
load is 20%, 50%, and 80%, respectively. They duty cycle in-
creases with DAB power and d1 becomes 0.5 when the power
is large enough.

In order to verify the effectiveness of MRS in DAB efficiency
improvement, a thorough comparison between MRS and other
DAB modulation method is necessary. Here, we compare MRS
with FDA-based method FDM [26] and TDA-based method
GOM [20]. The analytical expressions of three control variables
under three different modulation schemes are listed in Table II.
As is shown in the analytical relationship, duty cycles would
exceed 0.5 at high power condition. In the real implementation,
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Fig. 16. DAB waveform when Vin = 700 V at (a) P = 20%, (b) P = 50%,
and (c) P = 80% of rated power.

TABLE II
ANALYTICAL EXPRESSION OF PROPOSED AND RECENT WORKS

they are both confined within 0.5. Using three modulation meth-
ods in DAB, the efficiency curve under different input voltage
and power rating is shown in Fig. 17.

Using three modulation methods in DAB, the efficiency curve
under different input voltage and power rating is shown in
Fig. 17. When Vin = 800 V, the duty cycles under all the three

Fig. 17. Efficiency comparison with different modulation method at (a)Vin =
800 V, (b) Vin = 600 V, and (c) Vin = 400 V.

methods are 0.5, which achieves the same efficiency. When the
input voltage is smaller, MRS brings efficiency improvement
comparing with previous FDA-based modulation method and
has similar efficiency with state-of-art time domain based mod-
ulation method. As is mentioned previously, when Vin = 400 V
MRS is the same with GOM. Thus, the efficiency is the same
for both methods. However, when Vin = 600 V, there is slight
difference between MRS and GOM.

In order to study the efficiency difference, the waveform at
20% load condition is shown in Fig. 18. Comparing the wave-
form under FDM with that under MRS. There is significant 3rd
harmonic current under FDM. MRS suppresses the 3rd order
harmonic current effectively through the adjustment of duty cy-
cle d1, which brings much smaller rms current. Comparing the
current waveforms under GOM with that under MRS, they are
quite similar, which means the rms current is almost the same.
However, there is still difference for the switching behavior. Un-
der GOM, the primary side switch only achieves zero current
turn-ON. This means the switch still suffers turn-ON loss. How-
ever, under MRS, there is extra ZVS condition for primary side
switch. This can be shown in the zoom-in waveform shown in
Fig. 18. The device Vds drops to 0 before Vgs increases, which
means ZVS is achieved for the primary side switch. Another
difference lies in the duty cycle. Due to different operating prin-
ciple, the duty cycle is different. The primary side duty cycle is
0.25 under GOM and it becomes 0.22 under MRS. Due to these
reasons, there is loss different between MRS and GOM.

The detailed loss breakdown under this working condition is
shown in Fig. 19. For rms current, FDM has the largest value,
MRS and GOM has similar rms current. For the switching loss,
FDM achieves ZVS for every switching devices. However, the
turn OFF current is much larger than other methods which also
generate large switching loss. For MRS and GOM, they both
achieve ZVS turn ON or zero-current-turn ON, which has small
switching loss. MRS has even smaller switching loss due to
the extra ZVS comparing with GOM. Due to SiC MOSFET, the
switching loss is not significant even though the load is not
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Fig. 18. Waveform comparison under (a) FDM, (b) GOM, and (c) MRS
modulation scheme.

Fig. 19. Loss breakdown under different modulation schemes.

heavy. Finally, there is difference for core loss, which is related
with the H-bridge duty cycle. MRS has the smallest core loss
due to smallest duty cycle.

B. Introduction of 10 kV/1 MW SST

SST prototype and experiment platform is shown in Fig. 20.
For each phase inside SST, there are 13 submodules in which
12 submodules can support the normal operation and 1 submod-
ule is for redundancy consideration. During the experiment, dc
source simulates PV panel characteristics and provides energy
to SST, which is connected to 10 kV ac grid.

Fig. 20. SST prototype and experiment platform.

Fig. 21. SST system control structure.

The overall control scheme of SST is shown in Fig. 21. Hi-
erarchical structure is adopted in which one level is central
controller and another level is modular controller. Inside cen-
tral controller, it fulfills converter level control like PLL, dq
transformation, current control, and MPPT, another function
for central controller is to distribute control command to each
module. To satisfy these functions, DSP (TMS320C6713) and
FPGA (EP4CGX30CF23) are used in central control system.
DSP is used to realize the main control scheme and FPGA is
responsible for the fast-speed signal distribution. The control
command is sent to each submodule using high speed fiber. For
the modular controller, it realizes DAB voltage control and in-
terpret modulation signal for each H-bridge. In order to realize
the fast-speed signal processing, only FPGA is used in modular
level control. It is worth mentioning that DAB achieves the high
side capacitor voltage balancing in each submodule under this
control strategy. Instead of using H-bridge to balance capacitor
voltage, the high frequency operation DAB has better control
of the high side voltage. Moreover, THD of SST will not be
affected by H-bridge voltage balancing effect [17].
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Fig. 22. DAB waveform at SST steady state.

C. SST System Experiment

The initial experiment is to verify the control scheme inside
SST submodules. In order to damp the effect of voltage fluctua-
tion on the control loop, notch filter is implemented in the DAB
control. For each DAB converter, it is controlled by its own
FPGA, the notch filter is also realized by FPGA. Notch filter
requires high resolution in the digital implementation. Thus, 42-
digit parameter is used to increase the calculation precision in
the implementation. The waveform of DAB is shown in Fig. 22.
It clearly shows DAB output voltage fluctuation at 100 Hz. Due
to the voltage fluctuation, there is also perturbation in the current
waveform at 100 Hz. This is the same with the simulation result.
In order to exam the effect of notch filter, the phase shift angle
is illustrated in Fig. 22. It shows that the time delay between
primary H-bridge voltage v1 and secondary H-bridge voltage
v2 is kept the same even through the output voltage is different.
The result verifies the effect of notch filter in the control loop.

Another issue for DAB operation in SST system is the uneven
loss distribution. Due to the symmetric nature of DAB, the
conduction loss is equal for all the switches. However, there is
still difference for device switching loss. This can be explained
through the PWM of each switch. The typical waveform and
device PWM signal can be shown in Fig. 23.

At t1 instant, the inductor current is zero so SP1 turns ON with
zero-current turn-ON loss. At t3 , the inductor current is positive,
so SP1 suffers turn-OFF loss. For another half switching cycle,
SP2 have both turn-ON loss and turn-OFF loss. It shows that both
SP1 and SP2 suffer turn-ON and turn-OFF loss, while SP3 and
SP4 do not have switching loss at all. Similar situation hap-
pens to the switches in the secondary side. This uneven loss
distribution causes extra temperature increase for correspond-

Fig. 23. PWM signal and DAB waveform under MRS.

Fig. 24. Case temperature of DAB switches.

ing switches, which brings the problem in submodule thermal
design and increases converter loss. Fig. 24 shows the case tem-
perature of difference primary switches when DAB operates at
Vin = 600 V, Vo = 800 V, P = 20 kW.

In order to balance device loss and temperature, the PWM
signal for each switch must be optimized. In fact, DAB can
maintain the working condition if S1 and S4, S2 and S3 change
their PWM signals. Under this condition, the switching loss
can be transferred to another switch without affecting normal
operation of DAB. In the implementation, S1(S2) and S4(S3)
change their PWM signals for every 0.5 s, which could make
sure the equal temperature for all the switches. During the tran-
sition of PWM signals, there is no voltage spike or current spike,
which can be seen from Fig. 25. After this PWM signal transi-
tion mechanism, the case temperature difference is effectively
suppressed, which is shown in Fig. 24.

Finally, the efficiency is tested for the SST system based on
WT3000 power analyzer. High precision voltage transformer is
used to realize 10 kV voltage detection in the test. The efficiency
curve is shown in Fig. 26.

For SST operation range when input voltage is low, the total
output power is limited owing to the peak current of DAB switch.
This is acceptable in PV application due to reduced output power
when PV output voltage is small. The efficiency curve shows
that system efficiency is higher when DAB input voltage is
nearer to the output voltage. When Vin = 800 V, which is the
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Fig. 25. PWM signal transition of S1.

Fig. 26. SST efficiency curve under different input voltage.

same with DAB output voltage, DAB operates under PSM and
SST achieves the highest efficiency for most operating range.
However, the efficiency is lower than other cases at light load
condition. This is because with lower voltage in the dc side,
MRS takes effect and reduces duty cycle at light load condition,
which significantly reduces the core loss. The efficiency curve
shows the high efficiency performance of SST prototype in wide
voltage and power range, which can serve the applications in
PV plants.

VI. CONCLUSION

This paper proposes a high efficiency control method for
DAB-based SST for PV application. Although considered
highly efficient, DAB could cause tremendous loss in wide
voltage and power range. To explain the phenomenon, vector
diagram of DAB voltage and current is depicted at both fun-
damental and harmonic frequency under different modulation
methods by means of frequency domain analysis. To suppress
the reactive current at different frequency order, MRS method is
proposed by adjusting the phase shift angle as well as duty cy-
cles of primary and secondary side H-bridges. MRS enables high
efficiency operation of DAB for wide input voltage range and
power range, which facilitates SST application in PV system.
For the DAB operation inside SST system, this paper proposes
to use notch filter based control method to eliminate second
order line frequency fluctuation in the control loop. Finally, this
control method is implemented in a 10 kV/1 MW SST pro-

totype. The experimental results validate the effectiveness of
proposed methods. The high efficiency performance under pro-
posed method paves path for the real applications of SST in PV
system and can be also applied to applications including storage
system and EV charging system.

APPENDIX

The appendix shows small signal derivation considering fun-
damental and 3rd order component. This methodology can be
used by considering even higher order component. Based on
(20)–(22), the large signal model considering fundamental and
3rd component can be derived. The state-space equation can be
expressed as

dX = AX + BU. (24)

Here, X is the state variables and U standards for the input
signal. The state variables includes the voltage dc component,
real part current, and imaginary part current in each order. They
can be expressed as

X =
[
Vo IL 1R IL 1I IL 3R IL 3I

]T
(25)

U = Vin (26)

B =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0

−2 cos
(

π (1−d1 )
2

)

πL

0
−2 cos

(
3π (1−d1 )

2

)

3πL

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (27)

Now that the large signal model has been established, the
small signal perturbation can be inserted as follows:

d = D + d̂

vo = Vo + v̂o

iL 1R = IL 1R + îL 1R

iL 1I = IL 1I + îL 1I

iL 3R = IL 3R + îL 3R

iL 3I = IL 3I + îL 3I . (28)

During the linearization, there is multiplication of control
input and state variables. To solve this problem (30) can be used

sin (πdf ) vo = sin (πDf ) v̂o + Vo sin (πDf ) cos
(
πd̂f

)

+ Vo cos (πDf ) sin
(
πd̂f

)

= sin (πDf ) v̂o + Vo sin (πDf )

+ Vo cos (πDf )
(
πd̂f

)
. (29)

Then, the small signal model can be derived in

dx̂ = Asx̂ + Bsα̂ (30)
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A =

⎡
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L 0 0
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(
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2
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sin(3α)
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L 3ωs
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(
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L

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(31)

Here, the expression for As and Bs is expressed in (32) and (33)

As =
⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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(32)

Bs =
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