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ABSTRACT This paper proposes a novel nonlinear control method for the input-parallel output-series
modular dual active bridge (DAB) dc/dc converter which regulates the dc-bus voltage and individual module
voltages together. At first, a state space form of the DAB converter model is derived. Next, the output voltage
controller of the modular DAB converter is designed with the hierarchical sliding-mode control theory.
Furthermore, due to the robustness of the sliding-mode control, the control performance is insensitive to the
mismatch of leakage inductances of the DAB transformers. The feasibility of the proposed control scheme
has been proved by simulation and experimental results.

INDEX TERMS Dual active bridge, modular dc/dc converter, hierarchical sliding mode control, voltage
balancing control.

I. INTRODUCTION
Recently, a great attention has been paid to the high
power isolated DC/DC converters used for industry appli-
cations such as DC transmission and distribution power
systems, solid-state transformers, and energy storage sys-
tems (ESS) [1]–[4]. For the requirements of the system,
the power capacity of the modular converter can be expanded
by series or parallel connections of the input and output ter-
minals. Also, the reliability of the modular converter system
can be improved by using redundant modules.

The dual active bridge (DAB) circuit is a type of isolated
DC/DC converters which has the soft switching features and
bi-directional power flows [5]–[7]. Due to these advantages,
the DAB converter can be adopted as a basic unit for mod-
ular structure of converters [3], [8]–[10]. In this work, the
input-parallel output-serial (IPOS) modular DAB converter
is investigated, rather than a single DAB unit. The role of the
IPOS modular DAB converter is to regulate the power flow
between the low-voltage DC (LVDC) bus and the medium-
voltage DC (MVDC) bus [11], [12].

In the case of the output-series connection, the output
voltages of individual modules are often unbalanced due to
the parameter mismatches in transformer turn ratios, leakage

inductances, internal resistances and so on, even though the
overall DC-bus voltage is well controlled [3], [8]–[10]. Thus,
it is needed to control the output voltages of the individual
modules to be balanced.

For this purpose, in the modular structure of DC-DC
converters, the droop-based output voltage control has been
proposed [13], [14], where the DC-bus voltage controller
is applied to regulate the MVDC voltage and the voltage
references of the individual modules are adjusted by the
droop gains depending on the output current. Although this
method is simple to implement, an additional current sensor
is required for each module. In [15]–[18], the output volt-
ages of the individual modules are controlled through the
master-slave controller, where the output voltage references
of the slave modules are generated from the controller of
the master module. At the same time, a slave controller
is needed for each slave module, which controls its output
voltage to be equal to that of the master module. As a result,
the output voltages of individual modules can be balanced.
However, this method requires a very high reliability of the
master controller. Since eachmodule in themodular converter
is controlled by the slave controller of individual modules
(where the reference signal of the slave controller is generated
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from the master controller,) based on the master controller,
the whole converter system does not work if the master
controller fails. On the other hand, the model predictive
control (MPC) [19] was suggested for the voltage balanc-
ing of individual modules, which adopts the PI controllers
for the DC-bus voltage control. In this scheme, the control
performance of the converter is affected by the parameter
perturbation of the model.

Meanwhile, the advanced control schemes such as
MPC [20], feedback linearization [21], fuzzy logic [22],
observer-based nonlinear control [23], and sliding mode con-
trol (SMC) [24], [25] have been proposed to enhance the con-
trol performance of the DAB converter. However, the target
system of these control methods is not a modular type but a
single DAB circuit.

For the IPOS modular DAB converter, both the DC-bus
voltage controller and the module voltage or current con-
trollers are often required for the balanced load power sharing
between individual modules [26], [27]. In general, a cascaded
structure of two closed-loop PI controllers is used to balance
the output power of individual modules [3], [8], [9]. How-
ever, the conventional linear controllers cannot guarantee the
control performance for various operating conditions since
the DAB converter has a nonlinear characteristic. In addition,
system dynamics become slow due to the low bandwidth of
the outer control loop. To avoid this problem, a master-slave
control scheme has been proposed in [10]. However, this kind
of control scheme has the reliability issue as aforementioned.
So, it is necessary to develop a new control method not only
which is robust to parameter disturbances with fast responses,
but also which can provide a balanced power sharing and
output voltage regulation capability.

As far as authors know, the DC-bus voltage control scheme
with a module voltage balancing control based on the HSMC
for the IPOS modular DAB converter has never been studied
except [28], from which this manuscript has been expanded
with more analysis and test results.

In this paper, a novel nonlinear voltage controller is pro-
posed for the IPOS modular DAB DC/DC converter. First,
the nonlinearmodel of the converter is derived in a state-space
form, where the single phase-shift modulation (SPSM) is
applied. Next, a nonlinear controller for the DC-bust voltage
as well as individual module voltages is designed, based on
the hierarchical slidingmode control (HSMC) theory. In addi-
tion, the effects of the mismatch of leakage inductances of
twoDABmodules on the control performance is investigated.
Finally, the validity of the proposed control method is verified
by simulation and experimental results.

II. IPOS MODULAR DAB CONVERTERS
A. DESCRIPTION OF IPOS MODULAR DAB CONVERTERS
The input terminals of the DAB modules are connected in
parallel on the LVDC bus side and the output terminals are
connected in series on the MVDC bus side, which is shown
in Fig. 1. Fig. 2 shows the IPOS modular DAB converter,

FIGURE 1. A two-stage DC/DC conversion system.

FIGURE 2. IPOS modular DAB DC/DC converter.

where the number of modules is two. Each DAB module
consists of one high-frequency transformer and four IGBT
legs. In Fig. 2, the meanings of symbols are as follows:

- vi and vo are the input and output voltages of the modular
IPOS DAB converter,

- v1p and v2p are the primary voltages of transformers,
- v1s, and v2s are the secondary voltages of transformers,
- vdc1 and vdc2 are the output voltages of DAB modules,
- iLs1 and iLs2 are the inductor currents of transformers,
- Ls1 and Ls2 are the equivalent leakage inductances of
transformers,

- Rs1 and Rs2 are the internal resistances of transformers
and inductors,

- Co1 and Co2 are the output capacitances of DAB
modules,

- d1 and d2 are the phase-shift ratios for DAB modules.
The single DAB module in the IPOS modular converter

can be regarded as a single-input multi-output (SIMO) system
since the phase-shift ratio is set as an input and both the
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FIGURE 3. Proposed control structure of IPOS modular DAB converter.

DAB module voltage and the overall DC-bus voltage can be
selected as outputs.

Fig. 3 shows a configuration of the proposed control struc-
ture of the IPOS modular DAB converter, which is based on
the HSMC. The input variables of the IPOS converter model
are duty ratios of two modules and its output variables are
each module voltage and the DC-bus voltage. The duty ratios
are decided from the control laws, which will be derived in
the later section.

FIGURE 4. Single phase-shift modulation for IPOS modular converter.

B. SINGLE PHASE-SHIFT MODULATION OF
IPOS DAB CONVERTERS
In this research, the single phase-shift modulation(SPSM)
is used to control the IPOS modular DAB converter.
Fig. 4 shows the operating waveforms of the SPSM, where it
is assumed that the carrier waveforms for two DAB modules
are identical with no phase shift each other for a simple
modeling and that the transformer turn ratio is one to one. The
output power is controlled by the phase-shift ratio between
v1p and v1s. In the operation of the SPSM, all the switches
of the DAB converter are operated at a fixed duty ratio of
0.5, and the upper and lower switches in one leg are operated
complementarily. The average output power of the single
DAB module #1, Po1, is given by [29], [30]

Po1 = N1
v1pv1s
2fsLs1

d1(1− d1), (1)

where, N1 is the transformer turn ratio (approximately equal
to v1s/v1p) and fs (=1/Ts) is the switching frequency. The
total output power of the IPOS modular converter, as shown
in Fig. 2, is double that of the single DAB module.

C. MODELING OF IPOS MODULAR DAB CONVERTERS
The normalized state-space model for the output voltage
of the conventional DAB converter based on the SPSM
has been derived in [31], where the fundamental compo-
nent (k=0) only is considered for simplicity since the slid-
ing mode control is insensitive to the model uncertainty
of the system [32], [33]. According to [31], there is only
3% error in average output powers between the approx-
imated fundamental-component-based-model analysis and
the circuit-model simulation. Also, this approximation of
harmonic modeling for the single DAB converter has been
applied successfully in [12].

The mathematical model for the output voltage of DAB
module #1 is obtained as
dvdc1(t)
dt

= −
8

Co1π2

cos{ϕz(0)}
|z(0)|

vdc1(t)

+
8

Co1π2

N1vi(t)
|z(0)|

cos{δ1 − ϕz(0)} −
iLo(t)
Co1

, (2)

where the impedance |z(0)| and the impedance angle ϕz(0) on
the secondary side of the transformer are expressed, respec-
tively, as

|z(0)| =
√
R2s1 + (ωsLs1)

2 (3)

ϕz(0) = tan−1
(
ωsLs1
Rs1

)
, (4)

where ‘‘0’’ represents the fundamental component of the
switching frequency.

Expressing (2) in a state-space form,

ẋ1 = f1(x1)+ g1(x1)u1 + E1, (5)

where x1 is the output voltage of module #1 and

f1(x1) = −
8

Co1π2

cos{ϕz(0)}
|z(0)|

vdc1(t), (6)

g1(x1) =
8

Co1π2

N1

|z(0)|
vi(t), (7)

E1 = −
iLo(t)
Co1

. (8)

The input variable of module #1 can be selected as [12],

u1 = cos{δ1 − ϕz(0)+ δin}. (9)

where δ1 is the phase shift angle and δin is its initial value.
If δin is selected as

δin = −π/2+ ϕz(0), (10)

then, the input u1 is obtained as

u1 = sin(δ1). (11)

The mathematical model of module #2 can be derived in the
same procedure as above.

Next, the mathematical model of the IPOS modular con-
verter is derived as follows. Assuming that the parameters of
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the two modules are the same, from (2), the output voltage of
the IPOS modular converter can be expressed as

dvo(t)
dt
= −

8
Co1π2

cos{ϕz(0)}
|z(0)|

vo(t)

+
8

Co1π2

N1vi(t)
|z(0)|

sin(δo)− 2
iLo(t)
Co1

. (12)

If (12) is expressed in a state-space form, we can obtain

ẋo = fo(xo)+ go(xo)uo + Eo, (13)

where xo is the DC-bus voltage and

fo(xo) = −
8

Co1π2

cos{ϕz(0)}
|z(0)|

vo(t), (14)

go(xo) =
8

Co1π2

N1

|z(0)|
vi(t), (15)

Eo = −2
iLo(t)
Co1

, (16)

uo = sin(δo). (17)

III. PROPOSED HIERARCHICAL SLIDING
MODE CONTROLLER
The sliding mode control allows the system to reach the
predetermined sliding surface irrespective of the initial con-
ditions given in the system [34]. There are three steps in the
controller design using the SMC. At first, the state variable
is controlled so as to reach the specified surface regardless of
its initial condition, thereafter to stay on the sliding surface.
Eventually, the state variable is controlled so as to converge
to the equilibrium point along the sliding surface.

FIGURE 5. Structure of hierarchical sliding surfaces.

In the HSMC scheme, sliding surfaces can be designed in
a hierarchical structure [35], [36]. Fig. 5 shows an example
of the hierarchical sliding surfaces, where x0, x1, and x2 are
the state variables and s0, s1, s2, s3, and s4 are the sliding
surfaces. Now, let’s consider the SIMO systemwith one input
and two state variables, x0 and x1. The mathematical models
corresponding to x0 and x1 can be regarded as subsystems.
The sliding surfaces of s0 and s1 in level-I can be designed
with state variables of x0 and x1 based on the SMC theory.
Then, the two sliding surfaces of s0 and s1 can be combined

to make a new sliding surface s2 in level-II, which generates
a control law for the SIMO system. If another state variable
x2 is involved, a new sliding surface s4 in level-III can also be
made.

A. DESIGN OF HSMC
In this subsection, the hierarchical sliding mode controller
of level-II for the IPOS converter is designed to regulate the
output voltages as well as balance the output voltages of DAB
modules.

Firstly, two sliding surfaces of level-I for module #1 are
selected as

so = c1eo + c2

∫
eodt, (18)

and

s1 = c3e1 + c4

∫
e1dt, (19)

where so and s1 represent the sliding surfaces of the
DC-bus voltage (vo) and the module output voltage (vdc1) of
module #1, respectively, e0 and e1 are the regulation errors,
and c1 − c4 are the controller gains.
Taking a derivative of (18) and (19) to obtain the equivalent

control input of the SMC, then

ṡo = c1ėo + c2eo, (20)

and

ṡ1 = c3ė1 + c4e1, (21)

where ṡ and ė represent the derivative of the sliding surface
and regulation error, respectively.

From (5) and (13), the derivative of the regulation error can
be expressed as

ėo = ẋo − ẋod = fo(xo)+ go(xo)uo + Eo, (22)

and

ė1 = ẋ1 − ẋ1d = f1(x1)+ g1(x1)u1 + E1, (23)

where xod and x1d are the references of the DC-bus volt-
age and the module output voltage, of which derivatives are
assumed to be zero (ẋod = ẋ1d = 0).
Secondly, the equivalent control inputs that determine the

dynamics of the system on the sliding surface are derived.
Substituting (22) into (20),

ṡo = c1{fo(xo)+ go(xo)uo + Eo} + c2eo. (24)

In (24), the equivalent control input (uo) can be obtained by
setting the derivative of the sliding surface as zero, which is
obtained as

uo =
−c1fo(xo)− c1Eo − c2eo

c1go(xo)
. (25)

In the same way, another control input, u1, is obtained as

u1 =
−c3f1(x1)− c3E1 − c4e1

c3g1(x1)
. (26)
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Next, the equivalent control inputs of level-II are derived
as follows. The sliding surface of level-II, s2, is selected by a
linear combination of the sliding surfaces of level-I as [35]

s2 = so + αs1, (27)

where α is the control gain.
To make the states of the system reach the sliding surface

and to ensure the asymptotic stability, the equivalent control
input (ueq1) for level-II for module #1, which is composed
of equivalent control laws of level-I and a switching control
input, can be selected as [35]

ueq1 = uo + u1 + usw. (28)

In order to derive the usw, from (22), (23), (27) and (28),
the derivative of sliding surface of level-II can be manipu-
lated as

ṡ2 = c1ėo + c2eo + α(c3ė1 + c4e1)

= c1{fo(xo)+ go(xo)ueq + Eo} + c2eo
+α[c3{f1(x1)+ g1(x1)ueq + E1} + c4e1]

= c1{fo(xo)+ go(xo)(uo + u1 + usw)+ Eo}

+ c2eo+α[c3{f1(x1)+g1(x1)(uo+u1+usw)+E1}+c4e1]

= c1go(xo)uo+c1go(xo)usw+α[c3g1(x1)u1+c3g1(x1)usw],

(29)

where the control inputs, u0 and u1, in (22) and (23), respec-
tively, need to be replaced by the ueq since there is only a
single input for the SIMO system.

The reaching law (ξ ), which characterizes how the state
variable approaches to the sliding surface of level-II, can be
chosen with the signum function (sgn), as [35]

ξ = −ms2 − n · sgn(s2), (30)

where m and n are the HSMC gains, and the sgn function is
defined as follows:

sgn(s2) =


1 (s2 > 0)
0 (s2 = 0)
−1 (s2 < 0).

(31)

To avoid the chattering phenomenon, the ‘‘sgn’’ function
is usually replaced by a hyperbolic function (tanh) as [12]

sgn(s2) = tanh(s2) (32)

Setting (29) equal to (30) and applying the relation of (32),

c1go(xo)uo + αc3g1(x1)u1 + [c1go(xo)+ αc3g1(x1)]usw
= −ntanh(s2)− ms2 (33)

Then, the switching control input of level-II is obtained as

usw =
−c1go(xo)u1 − αc3g1(x1)uo − n tanh(s2)− ms2

c1go(xo)+ αc3g1(x1)
(34)

Substituting (25), (26) and (34) into (28), the resultant control
input for level-II is derived as

u∗eq1 =
1

c1go(xo)+ αc3g1(x1)

−(c1fo(xo)+c1Eo+c2eo)−α(c3f1(x1)+c3E1+c4e1)
−(ntanh(s2)+ms2)


(35)

From (11), (17) and (35), the phase shift ratio of the DAB
converter #1 is calculated as

d∗1 =
δ∗0

π
=

sin−1(u∗eq1)

π
(36)

where the range of the phase shift ratio is from −0.5 to 0.5.

FIGURE 6. Representation of the proposed control scheme for DAB
converter.

From the above, the simplified block diagram of the pro-
posed control scheme for DAB module #1 can be drawn as
in Fig. 6. The voltage controller of module #2 also can be
applied as above.

B. EXISTENCE CONDITION OF HSMC
The existence condition of the HSMC can be verified by the
Lyapunov’s criteria. From (27) and (30), then,

V̇ = s2ṡ2 = (so + αs1)(−nsgn(s2)− ms2). (37)

If the gains of n, m and α are all positive, the Lyapunov
function is always negative. So, the existence condition of
the HSMC is satisfied, which means that the control loop is
asymptotically stable.

TABLE 1. Parameters of IPOS modular DAB converter (simulation).

IV. SIMULATION RESULTS
To prove the validness of the proposed controller, simula-
tions have been performed using PSIM software. The sys-
tem parameters for simulations are listed in Table 1 and 2.
The IPOS modular DAB converter circuit consists of two
DAB modules with different leakage inductance values,
which are 50µH and 60µH, respectively.
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TABLE 2. Parameters of single DAB module (simulation).

Since there is no explicit rule to determine the SMC con-
troller gains [34], the HSM controller gains (c1 = c3 =
0.0000324, c2 = c4 = 0.01275, n = 1, m = 6750)
were obtained by a trial and error, which satisfy the exis-
tence condition of sliding surfaces. For performance com-
parison, the PI controller is employed, where the PI gains
(ωc = 450Hz) are selected by small signal analysis [31],
which are given as follows:

- Gains of DC-bus voltage controller: kp,bus = 1.567 ×
10−3, ki,bus = 0.3969

- Gains of balancing controller: kp = 3.13 × 10−3,
ki = 1.5768

FIGURE 7. Control performances of with and without balancing control
under unequal inductance (Ls2 > Ls1). (a) DC-bus voltage. (b) Output
voltages of two modules. (c) Phase-shift ratios of two modules.

Fig. 7 shows the control performance in the cases of with
and without the balancing control under different induc-
tance conditions (Ls2 > Ls1). Fig. 7(a) and (b) show the
DC-bus voltage and the two module voltages, respectively.
The DC-bus voltage is well controlled regardless of the bal-
ancing control of each DAB module. However, the output
voltages of the DABmodules are unequal when the balancing
control is not applied. Fig. 7(c) shows the phase-shift ratios
of the two DAB modules, where d1 and d2 become different
each other since the leakage inductances are set differently.

However, when the balancing control is not applied, the
d1 and d2 are exactly the same.

FIGURE 8. HSMC performance under different inductance conditions,
(a) Overall DC output voltage. (b) Output voltages of two modules.
(c) Phase-shift ratios. (d) Output power of IPOS modular converter.

Fig. 8 shows the performance of the HSMC in the case
of different inductances, where the load is changed in steps
from 400 kW to 800 kW and back to 400 kW. The overall
DC output voltage is shown in Fig. 8(a), which well follows
its reference. The overshoot and undershoot in transient states
are less than 6%. Fig. 8(b) shows the output voltages of the
two DAB modules, which are well controlled as 1000 V.
Fig. 8(c) shows the phase-shift ratios of the two DAB mod-
ules, where d1 and d2 are different for the balancing control.
Fig. 8(d) shows the output power of the IPOS modular DAB
converter.

FIGURE 9. Responses of module voltages for the HSMC and PI control
under unequal inductance. (a) Proposed controller. (b) PI controller.
(c) Output voltage mismatch of DAB modules.

Fig. 9 illustrates the performance comparison of the HSMC
and the PI control in transient conditions, where the load is
changed from 400 kW to 800 kW and back to 400 kW under
different inductance condition of the two DAB modules.
Fig. 9(a) and (b) show the transient responses of output
voltages of twoDAB modules with the HSMC and PI control,
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FIGURE 10. Experimental setup.

TABLE 3. Parameters of IPOS modular DAB converter (experiment).

respectively. Fig. 9(c) shows the output voltage mismatch
of two DAB modules. In the PI control, when the load is
increased and decreased, the maximum voltage mismatches
are about 45 V and 50 V, respectively. But, those of in the
HSMC are only about 35 V and 17 V, respectively. As can
be noted, the HSMC shows less sensitivity to the parameter
mismatch than the PI control.

V. EXPERIMENTAL RESULTS
To prove the effectiveness of the proposed control algorithm,
a down-scaled hardware set-up has been built at laboratory, as
shown in Fig. 10. The parameters of the experimental hard-
ware are listed in Table 3 and 4. To investigate the robustness
of the proposed method, the equivalent series inductances of
two DAB modules are set differently as Ls1 = 400µH and
Ls2 = 480µH, respectively.

The HSM controller gains have been determined as
c1 = c3 = 6.12 × 10−6, c2 = c4 = 3.06 × 10−3,
n =1, and m=1620. For performance comparison, the PI
controllers are employed, of which gains where the PI gains
are determined based on a small signal analysis [31], which
are listed in Table 5.

Fig. 11 shows the control performance in the case of with
and without balancing controls under different inductance
conditions, corresponding to Fig. 7. Fig. 11(a) and (b) show

TABLE 4. Parameters of single DAB module (experiment).

TABLE 5. Parameters of single DAB module (experiment).

FIGURE 11. Control performance of with and without balancing controls
under different inductance conditions. (a) DC-bus voltage. (b) Output
voltages of two modules. (c) Phase-shift ratios of two modules.

the DC-bus voltage and the two module voltages, respec-
tively. The DC-bus voltage is well controlled at 200 V regard-
less of the balancing control of each DAB module. Fig. 11(c)
shows the phase-shift ratios of the two DAB modules.

Fig. 12 shows the control performance of the HSMC in the
case of different inductances, where the load is changed from
285 W to 685 W and back to 285 W, which corresponds to

Fig. 8. Fig. 12(a) shows theDC-bust voltage, which follows
its reference well. Fig. 12(b) shows the output voltages of the
two DAB modules, which are closely controlled at 100 V.
Fig. 12(c) shows the phase- shift ratios of the two DAB
modules and Fig. 12(d) shows the output power of the IPOS
modular DAB converter.
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FIGURE 12. HSMC performance under different inductance conditions.
(a) DC-bus voltage. (b) Output voltages of two modules. (c) Phase-shift
ratios. (d) Output power of IPOS DAB converter.

FIGURE 13. Comparison of DC-bus voltage control performance of the
HSMC and PI control under different inductance conditions. (a) Load
increase from 285 W to 685 W. (b) Load decrease from 685 W to 285 W.

Fig. 13 shows the DC-bus voltage responses of the HSMC
and PI control when the load is changed from 285W to 685W
and back to 285 W under unequal inductance condition.
As can be seen, the HSMC gives faster transient responses
and lower overshoot and undershoot than the PI control.

FIGURE 14. Control performance of module voltages for the HSMC and PI
controller under different inductance conditions for load increases.
(a) Module output voltages. (b) Mismatched module voltages.

Fig. 14 shows the voltage control performance of the
HSMC and PI controller, where the transient condition is the
same as that of in Fig. 13(a). Fig. 14(a) and (b) show the tran-
sient responses of two module voltages and the mismatched
module voltages, respectively. In the PI control, themaximum

FIGURE 15. Control performance of module voltages for the HSMC and
PI controller under different inductance conditions for load decreases.
(a) Module output voltages. (b) Mismatched module voltages.

voltage mismatch is about 8 V. However, for the proposed
HSMC, it is only about 2 V.

Fig. 15 shows the same quantities as in Fig. 14 when the
load is decreased to 685 W from 285 W. In the PI control,
the maximum voltage mismatch is 12 V, but that of in the
HSMC is just 3 V. From Fig. 14 and 15, it is noticed that
the HSMC gives more robust performance to parameter mis-
match than the PI control.

VI. CONCLUSIONS
In this paper, a novel voltage control and balancing strategy of
the IPOSmodular DABDC/DC converter has been proposed.
At first, the mathematical model equation of the IPOS modu-
lar DAB converter has been developed in a state-space form.
Next, the voltage controller has been designed by applying
the HSMC theory to regulate the DC-bus voltage under the
condition of mismatched inductances and to balance indi-
vidual module voltages. The proposed scheme provides a
balancing control capability of output voltages of individual
modules as well as the DC-bus voltage control even with a
parameter mismatch. Finally, the control performance of the
proposed HSMC controller has been verified by simulation
and experimental results. It is thought that the effectiveness
of the developed hierarchical sliding mode controller is more
remarkable for the IPOSmodular DAB converter systemwith
a large number of modules.
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