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ABSTRACT This paper proposes the design of H∞ robust controller with load-current feedforward for
dual-active-bridge (DAB) dc-dc converters used in battery energy storage systems, aiming to ensure the
dynamic response considering parameters uncertainty that the input voltage varies in a large range and
the load is uncertain. Firstly, according to the state-space representation based on dual-phase-shift (DPS)
control, a polytopic model of the DAB converter with two uncertain elements is established by convex
optimization theory. Based on this model, linear matrix inequalities (LMIs) are then used to design the
H∞ robust controller conveniently to minimize the influence of parameters uncertainty disturbance on the
output voltage. At the same time, a regional closed-loop pole configuration technique is used to guarantee
the dynamic response of the system under a wide range of operating conditions. Furthermore, an improved
load-current feedforward control with lookup tables for phase-shift compensation is adopted to further
enhance the dynamic response. Finally, an OPAL-RT hardware-in-loop platform with Texas Instruments
TMS320F28377D microcontroller is used to verify the feasibility and effectiveness of the proposed H∞

robust controller.

INDEX TERMS Dual-active-bridge (DAB), dual-phase-shift (DPS), H∞controller, load-current feedfor-
ward, dynamic response.

I. INTRODUCTION
Benefitting from some advantages such as symmetrical
structure, bidirectional power transmission, soft-switching
performance, and easy module cascade [1], [2], [3], [4],
dual-active-bridge (DAB) dc-dc converter has been widely
adopted in industrial applications, such as dc microgrids [5],
power electronic transformers [6], distributed generation
systems [7], battery energy storage systems (BESS) [8], and
medium voltage AC/ DC hybrid power grid [9]. In the above
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applications, high power density and high efficiency are
typical demands for the DAB converter. Especially in BESS,
the DAB converter is simultaneously required to guarantee
robust dynamic response under parameters uncertainty that
the input voltage varies in a large range and the load is
uncertain.

In recent years, many control schemes integrated with
various phase-shift control strategies have been investigated
to ensure the dynamic response of the DAB converter.
In an early literature [10], dynamic response comparisons of
traditional single-phase-shift (SPS), dual-phase-shift (DPS),
and model-based phase-shift control (MPSC) for the DAB
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converter are evaluated, with a conclusion that MPSC shows
the best dynamic response. In [11], based on SPS control,
a load-current feedforward (LCFF) compensation solution
is presented to enhance the transient response of the DAB
converter against the load change; however, the input voltage
fluctuation is not considered. By introducing virtual direct
power control (VDPC) into SPS control [12], a VDPC
method is proposed to obtain zero overshoot and robust
dynamic response when suffering load or input voltage tran-
sient disturbances. By combing improved MPSC with LCFF
control for the SPS-controlled DAB converter, as presented
in [13], the improved strategy can guarantee a faster dynamic
response to all the operating ranges. Besides, a discrete
extended-phase-shift (EPS) control with low computational
complexity is proposed to achieve rapid dynamic response
when both load and input voltage change [14]. Moreover,
in order to reduce the load current sensor used in the above
schemes to lower the hardware cost of the DAB converter,
an extended state observer (ESO)-based sensor-reduction
control with DPS [15] and a load-current estimating method
with switching-period delay compensation [16] are proposed
to boost dynamic responses.

Another method for dynamic response improvement for
the DAB converter is to engage advanced control schemes,
such as model predictive control (MPC), artificial neural
network (ANN), sliding mode control, H∞ robust control
and linear-quadratic regulator control. Combined with simple
SPS, a non-linear MPC with phase-shift compensation
is presented to enhance dynamic response against the
disturbance of input voltage and load [17]. For DAB converter
fast feeding constant power loads or pulsed power loads
applied in dc microgrids, an ANN-based MPC method [18],
a deep reinforcement learning-based intelligent nonlinear
controller [19], an ANN-based active disturbance rejection
control with ESO [20], and a moving discretized control set
MPC (MDCS-MPC) with SPS [21] are proposed; however,
they are extremely complex with a heavy computational
burden. In order to lower the computational burden, by uti-
lizing only two prediction horizons, an MDCS-MPC with
triple-phase-shift (TPS) is proposed in [22]. Besides, though
sliding mode control can provide the DAB converter with a
fast transient response for load variations and robust control
for parameter uncertainties [23], [24], heavy computation is
still an issue. Similar to some advanced control schemes,
H∞ robust controller is suited for improving the system
stability and performance for power inverters/converters
[25], [26], [27], [28], especially when the parameters are
uncertain. However, few papers can be found on the
application of the DAB converter. To effectively address
the system uncertainty and parameter perturbations of the
DAB converter, an H∞ mixed sensitivity robust control is
presented in [29], which finally obtains a third-order con-
troller by solving Riccati equations, but the selection of the
appropriate weighting function is a challenge. Furthermore,
To cover such challenges, by using linear matrix inequalities
(LMIs) to derive the optimized control parameters, an LMI

FIGURE 1. Topology configuration of DAB converter.

H∞ robust control is early used to design controllers for
boost converters [30], but the disturbance of input voltage
is not considered. And then, a robust LMIs-based linear-
quadratic regulator control for the DAB converter is improved
in [31], which can enhance dynamic performances when both
input voltage and load change and achieve robust stability.
However, the above two robust controllers in [29] and [31] for
the DAB converter are combined with SPS, lacking control
freedom compared to DPS, EPS, or TPS.

Thus, in this paper, for more control freedom, based
on DPS control, an H∞ robust controller with LCFF
for DAB dc-dc converters is proposed, aiming to ensure
the dynamic response of the DAB converter considering
parameters uncertainty that the input voltage varies in a
large range and the load is uncertain. The main contribution
of this paper is the establishment of a polytopic model
for the DAB converter based on DPS control considering
parameters uncertainty, so as to conveniently design the
H∞ robust controller by using the LMIs to minimize the
influence of parameters uncertainty disturbance on the output
voltage. In addition, a regional closed-loop pole configuration
technique based on LMIs is used to guarantee the acceptable
dynamic response, while an LCFF with lookup tables for
phase-shift compensation is improved to further enhance the
dynamic response.

This paper is organized as follows. Firstly, a polytopic
model of the DAB converter with two uncertain elements
is established in Section II. Based on this model, LMIs are
then used to design the H∞ robust controller in Section III,
with a regional closed-loop pole configuration technique to
cope with the system under a wide range of input voltage
conditions. Then, an improved LCFF control scheme is
adopted to further ensure the dynamic response. Finally,
Section IV provides the experimental results obtained from an
OPAL-RT hardware-in-loop platform to verify the proposed
H∞ robust controller.

II. POLYTOPIC MODEL OF AN UNCERTAIN DAB
CONVERTER UNDER DPS CONTROL
A. OPERATION PRINCIPLE AND SMALL-SIGNAL MODEL
OF A DAB CONVERTER
Fig. 1 describes the topology of the DAB converter. Two
full bridges H1 and H2 connect each other with an auxiliary
inductor L and an isolated transformer (turn ratio n = 5:8 in
this paper). C1 and C2 are the dc capacitors. S1∼S4 and
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FIGURE 2. Voltage and current waveforms of DAB converter under DPS
control: (a) 0 ≤D1≤D2≤ 1, (b) 0 ≤D2≤D1≤ 1.

Q1∼Q4 are two groups of switches in the two full bridges,
respectively. V1 is the dc input voltage, and V2 is the dc output
voltage. vp and vs represent the high frequency ac voltages
generated by H1 and H2, respectively. iL is the inductor
current, and Io is the load current.

Generally, the DPS-based DAB converter has two degrees
of freedom with inner phase-shift ratio and outer phase-shift
ratio, which mainly operates in two modes [32]: 0 ≤D1 ≤

D2≤ 1 and 0 ≤ D2≤D1≤ 1, as shown in Fig. 2.D1 represents
the inner phase-shift ratio, which is the phase shift between
switches S1 and S4 or Q1 and Q4; D2 represents the outer
phase-shift ratio, which is the phase shift between switches
S1 and Q1; and T1s is half of the switching cycle. As shown
in Fig. 2, under DPS control, the ac voltage output from two
full bridges are three-level waves with an equal duty cycle and

a specific phase shift. In the existing literature, D1 is usually
used to improve the performances of the DAB converter, such
as reactive power [33], current stress [34], and efficiency
performance [35]; and D2 is obtained from a closed-loop
control. In this paper, D1 is directly set to 0.2 for simplicity,
so as to focus on the design of proposed H∞ robust controller
with D2.

According to Fig. 1 and Fig. 2, in a switching cycle (Ts),
the DAB converter has eight operation modes. Moreover, the
inductor current and the ac voltage of the two full bridges
show symmetrical waveforms, so the state-space averaging
model can be described in half a switching cycle.

In the DAB converter, when the condition meets 0 ≤

D1 ≤ D2 ≤ 1, the inductor current at t0, t1, t2, t3, t4 can
be described [36]:

iL(t0) =
V1
4fsL

(D1 − 1) −
nV2
4fsL

(2D2 + D1 − 1)

iL(t1) =
V1
4fsL

(D1 − 1) +
nV2
4fsL

(1 + D1 − 2D2)

iL(t2) =
V1
4fsL

(2D2 − D1 − 1) +
nV2
4fsL

(1 − D1)

iL(t3) =
V1
4fsL

(2D2 + D1 − 1) −
nV2
4fsL

(D1 − 1)

iL(t4) =
V1
4fsL

(1 − D1) +
nV2
4fsL

(2D2 + D1 − 1)

(1)

where fs = 1
/
Ts is the switching frequency.

As can be seen from Fig. 1 and Fig. 2, it can be obtained
four differential equations across the output capacitor C2
between each time interval of t0∼t4 according to Kirchhoff
current law:

C2
dv2
dt

= −īL1 −
v2
R

t ∈ [0,D1Ths]

C2
dv2
dt

= −īL2 −
v2
R

t ∈ [D1Ths,D2Ths]

C2
dv2
dt

= −
v2
R

t ∈ [D2Ths, (D1 + D2)Ths]

C2
dv2
dt

= −īL4 −
v2
R

t ∈ [(D1 + D2)Ths,Ths]

(2)

where iL1, iL2, and iL4 represent the inductor current
averaging values, which are:

īL1 =
iL(t0) + iL(t1)

2

īL2 =
iL(t1) + iL(t2)

2

īL4 =
iL(t3) + iL(t4)

2

(3)

Furthermore, extending the four differential equations in
(2) to the entire switching cycle of the DAB converter, time-
averaging scheme can be used to derive the final state-space
averaging model:

C2
dv2
dt

=
nV1
4fsL

[2d2(1 − d2) − D2
1] −

v2
R

(4)
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where d2 is the outer phase-shift ratio containing ac
disturbance.

In order to further derive the small-signal model of the
DAB converter, low-frequency ac small-signal disturbance is
introduced as {

v2 = V2ss + v̂2
d2 = D2ss + d̂2

(5)

where V2ss and D2ss are the dc component of the output
voltage and outer phase-shift ratio, respectively, and v̂2
and d̂2 are the corresponding ac components, respectively.
Substituting (4) into (5) and ignoring the small-signal ac
component d̂22 , the small-signal model of the DAB converter
is derived as

dv̂2
dt

=
nV1

2fsLC2
(1 − 2D2ss)d̂2 −

v̂2
RC2

(6)

Aiming to guarantee accurate tracking control for
the output voltage, another state variable x2 (t) =∫ [
Vref − v2 (t)

]
dt representing the integral of the corre-

sponding voltage error is introduced. Thus, combining (5)
and (6), the state-space representation of the DAB converter
is written as{

ẋ(t) = Ax(t) + Bww(t) + Buu(t) + Bref Vref
z(t) = Czx(t) + Dzww(t) + Dzuu(t)

(7)

where x (t) =

[
v2 (t)
x2 (t)

]
, w (t) = [io (t)], u (t) = [d2 (t)],

z (t) = [v2 (t)]. The vector w represents the disturbance of
the load-current io. The output z represents the output voltage
v2. Moreover, the state-space matrices are as follows

A =

[
−

1
RC2

0
−1 0

]
, Bw =

[
−

1
C2
0

]
,

Bu =

[ nV1
2fsLC2

(1 − 2D2ss)
0

]
, Bref =

[
0
1

]
,

Cz =
[
1 0

]
, Dzw = [0] , Dzu = [0] (8)

where A is the state matrix; Bw is the disturbance matrix; Bu
is the control matrix;Bref is the reference matrix;Cz,Dzw and
Dzu are output matrices.

Similarly, when the condition satisfies 0 ≤ D2 ≤ D1 ≤ 1,
the state-space averaging model is derived as

C2
dv2
dt

=
nV1
4fsL

d2(2 − 2D1 − d2) −
v2
R

(9)

And the corresponding small-signal model of the DAB
converter is derived as

dv̂2
dt

=
nV1

2fsLC2
(1 − D1 − D2ss)d̂2 −

v̂2
RC2

(10)

So as the state-space matrices are obtained as

A =

[
−

1
RC2

0
−1 0

]
, Bw =

[
−

1
C2
0

]
,

Bu =

[ nV1
2fsLC2

(1 − D1 − D2ss)
0

]
, Bref =

[
0
1

]
,

Cz =
[
1 0

]
, Dzw = [0] , Dzu = [0] (11)

B. POLYTOPIC MODEL CONSIDERING THE UNCERTAINTY
OF INPUT VOLTAGE AND LOAD
In BESS, considering that the terminal voltage varies widely
during battery charging and discharging and the power
transmitted to the dc bus depends on the load, that is, the input
voltage V1 of the DAB converter is not a stable value, and the
load is uncertain. Therefore, the polytopic model in convex
optimization theory can be adopted to build the systemmodel
of the DAB converter so that LMI optimization methods can
be easily applied to solve the closed-loop controller [30], [37].
This method ensures system stability at different operating
points, as well as optimal immunity to disturbances and
transient performance. In modelling, the input voltage and
the load are taken as uncertainties, that is, a vector p =

(1
/
R,V1) is used to include the two uncertain terms, which

is constrained in the polytopic model. Thus, for the DAB
converter, based on the state-space representation (7), the
polytopic model can be formed as.{

ẋ(t) = A(p)x(t) + Bww(t) + Bu(p)u(t) + Bref Vref
z(t) = Czx(t) + Dzww(t) + Dzuu(t)

(12)

where the state-space matricesA(p) andBu(p) are determined
by uncertain terms grouped in the vector p. In this paper,
A(p) and Bu(p) have a linear relationship with each uncertain
parameter of vector p, respectively.

Generally, the introduced vector p contains N uncertain
parameters, that is p = (p1, p2, . . . , pN ). Each uncertain pi is
a bounded parameter, which is constrained within a specific
range as

pi ∈

[
p
i
, p̄i

]
(13)

Moreover, the possible values of vector p are hold
within a hyperrectangle in the parameter space RN with
L = 2N vertices {v1, v2, . . . , vN }. And the system matrix
[A (p) ,Bu(p)] for each vertex vi corresponds to the extrema
of a convex polytope, noted Co {G1,G2, . . . ,GL}. Therefore,
the system matrix [A (p) ,Bu(p)] can be contained as

[A(p),Bu(p)] ∈ Co {G1,G2, . . . ,GL}

:=

{
L∑
i=1

λiGi, λi ≥ 0,
L∑
i=1

λi = 1

}
(14)

A detailed description of the convex polytope can be found
in [37] and [38].

When specific to this paper for the DAB converter, the
input voltage V1 and the load resistance R are considered
uncertainties (N = 2), while the rest elements are assumed
constant. Thus, the two parameters of vector p = (1

/
R,V1)

are constrained in the following boundaries:

1
/
R ∈

[
1
/
Rmax, 1

/
Rmin

]
, V1 ∈ [V1min,V1max] (15)

Furthermore, the polytopic model of the DAB converter
established in this paper has L = 2N = 4 vertices that
determine the uncertain matrices A(p) and Bu(p). When the
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FIGURE 3. LMI region S (L1,L2).

condition meets 0 ≤ D1 ≤ D2 ≤ 1, the vertices are obtained
as:

A1 =

[
−

1
RmaxC2

0
−1 0

]
, Bu1 =

[ nV1min
2fsLC2

(1 − 2D2ss)
0

]
,

A2 =

[
−

1
RminC2

0
−1 0

]
, Bu2 =

[
nV1max
2fsLC2

(1 − 2D2ss)
0

]
,

A3 = A2, Bu3 = Bu1,

A4 = A1, Bu4 = Bu2 (16)

III. PROPOSED H∞ ROBUST SOLUTION WITH
LOAD-CURRENT FEEDFORWARD
In this section, firstly, H∞ control is adopted to effectively
suppress the influence of system parameter perturbation on
output and minimize the gain of disturbance on output.
Secondly, in order to improve the dynamic settling time of the
system, the poles of the closed-loop system are configured in
a specific region. In addition, an improved LCFF control is
adopted to enhance the dynamic response.

A. H∞ CONTROLLER BASED ON LMIS
For the polytopic model described in (12), there exists a state-
feedback controller whose role is to achieve a minimum gain
of the disturbance to the output. For the design of robust
control systems, the gain of the disturbance to the output is
usually transformed into the problem of H∞ norm bound.
The H∞ norm can be explained by amplitude-frequency
characteristics of a transfer function f (s), which is effective
for problems related to model uncertainty. Considering that
the transfer function from the disturbance w to the output z is
H (s), the corresponding H∞ norm is expressed as

∥H (s)∥∞ sup
w̸=0

∥z∥2
∥w∥2

(17)

where ∥·∥∞ represents the infinity norm and ∥·∥2 represents
the Euclidian norm.

Considering that the smaller the H∞ norm, the better the
suppression of the disturbance, when a minimum H∞ norm

γ is guaranteed, there exists a state-feedback H∞ controller
(u(t) = d2(t) = Kx(t)) if and only if a positive definite matrix
W ∈ Rn×n and a matrix Y ∈ Rn×n make the following LMI
holdAW+WAT

+ BuY+ YTBT
u Bw WCT

z +YTDT
zu

BT
w −γ I 0

CzW +DzuY 0 −γ I

 < 0

(18)

Thus, the H∞ controller is obtained by K = YW−1.
Proof of (18) can be found in [39]. For all the vertices
{G1,G2, . . . ,GL} in the polytopic model of the DAB
converter, it is sufficient to satisfy (18) to solve the stability
problem for different steady-state operating points of the
system.

B. POLE PLACEMENT LMIS
In the classical control theory, the amplitude-frequency and
phase-frequency characteristics of the open-loop system are
obtained through the transfer function so as to design the
controller according to the Bode diagram. However, the
classical control method usually assigns the closed-loop
poles precisely, which is not suite for the system with
the imprecision of the model and the existence of various
disturbances.
Thus, in this paper, LMI is used to directly assign

the closed-loop poles of the system in a given region
of the complex plane to ensure some desired dynamic
characteristics, such as decay rate, settling time, damping
ratio, etc. As shown in Fig. 3, in the region S (L1,L2) of the
complex plane for the system [40], the assigned closed-loop
poles (x ± jy) should meet

x < −L1 < 0, |x ± jy| < L2 (19)

where L1 and L2 are two values given by the designer. L1 is
used to determine a minimum decay rate, and L2 is used to
limit a maximum natural frequency.
Considering the decay rate constrained byL1, the following

LMI is obtained

AW +WAT
+ BuY + YTBT

u + 2L1W < 0 (20)

Furthermore, the constraint of the natural frequency
according to L2 involves the following LMI[

−L2W WAT
+ YTBT

u
AW + BuY −L2W

]
< 0 (21)

A detailed explanation of LMIs (20) and (21) can be found
in [40], and it is proven in [40] that when the system with the
H∞ robust controller u (t) = d2 (t) = Kx(t) = YW−1x(t)
meets LMIs (20) and (21), the closed-loop poles (x ± jy) can
be directly assigned in the given region S (L1,L2).
Here, in this paper, all the vertices {G1,G2, . . . ,GL} in the

polytopic model of the DAB converter need to satisfy LMIs
not only (18) but also (20) and (21), so that the closed-loop
poles of the system under different stable operating points are
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FIGURE 4. H∞ robust control with load-current feedforward
compensation for DAB converter.

TABLE 1. Lookup tables for load-current feedforward compensation.

assigned in the given region S (L1,L2) to meet the acceptable
dynamic performance of the system.

Thus, by combining LMIs (18), (20) and (21), the LMI
synthesis method for the proposed H∞ robust controller
with pole placement can be summarized as the following
optimization problem: min

Y , W
γ subject to (18), (20) and (21)

∀ {Gi} , i = 1, . . . ,L
(22)

The solving procedure of the optimization problem (22)
consists of finding a set of common matrices Y and W by
solving LMIs, so as to obtain the H∞ robust controller
u (t) = d2 (t) = Kx(t) = YW−1x(t), which assigns the
closed-loop poles of the system in the region S (L1,L2) and
guarantees a minimum H∞ norm γ .

C. LOAD-CURRENT FEEDFORWARD
In this section, an improved LCFF control is adopted to
further enhance the dynamic response of the DAB converter,
which treats the load-current as a feedforward compensation
to the H∞ robust controller without impact on the design of
the controller. Such an idea applied to a DAB converter with
SPS control was early proposed in [11], where feedforward
compensation was adopted to feed forward a phase shift
correction to regulate the output voltage when the load-
current changes. In this paper, a similar concept is adopted
to cope with the uncertainties of the load resistance with DPS
control.

To implement feedforward compensation, a relationship
between the load-current and the commanded outer phase-
shift ratio D′

2 needs to be derived. According to the basic
analysis of the DAB converter expressed in [34], the average

TABLE 2. DAB converter parameters in the HIL setup.

transmission power with DPS control can be rewritten as

P =



nV1V2
2fsL

[
D∗

2ol(1 − D∗

2ol) −
D2
1

2

]
,

0 ≤ D1 ≤ D∗

2ol ≤ 1

nV1V2
2fsL

[
D∗

2ol(1 − D1) −
(D∗

2ol)
2

2

]
,

0 ≤ D∗

2ol ≤ D1 ≤ 1

(23)

where D∗

2ol is an open-loop commanded outer phase-shift
ratio.

Thus, the load-current can be derived as

Io =



nV1
2fsL

[
D∗

2ol(1 − D∗

2ol) −
1
2
D2
1

]
,

0 ≤ D1 ≤ D∗

2ol ≤ 1
nV1
2fsL

D∗

2ol(1 − D1 −
1
2
D∗

2ol),

0 ≤ D∗

2ol ≤ D1 ≤ 1

(24)

It can be seen from (24) that the relationship between
the outer phase-shift ratio and the load-current is nonlinear,
resulting in complicated inverting. However, for a certain
input voltage V1, one-to-one correspondence between the
ideal outer phase-shift ratio D∗

2ol = D2FF and any load-
current Io can be precalculated as lookup tables, according
to the condition 0 ≤ D1 ≤ D∗

2ol ≤ 1 or 0 ≤ D∗

2ol ≤

D1 ≤ 1. Considering that the input voltage ranges from 250V
to 450 V, the lookup tables are established every 50 V
for a trade-off. Moreover, for a measured input voltage
within the divided interval, a linear interpolation processing
is adopted to calculate the target feedforward phase-shift
compensation from the two adjacent lookup tables. Thus,
in every control interrupt cycle, the controller can look up
and calculate the new feedforward compensation for the next
control cycle. Fig. 4 shows the block diagram of LCFF
compensation implemented in an H∞ robust controller of
the DAB converter. According to (24), the lookup tables are
calculated and presented in Table 1.

IV. EXPERIMENTAL VERIFICATION
To verify the proposed design of H∞ robust controller, a real-
time hardware-in-the-loop (HIL) platform is established. The
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FIGURE 5. OPAL-RT real-time HIL platform with TMS320F28377D
microcontroller board.

HIL setup is presented in Fig. 5, consisting of an OPAL-RT
OP5600 real-time simulator and a powerful Texas Instru-
ments TMS320F28377D Delfino microcontroller board. The
DAB converter is built in the OP5600, and the proposed H∞

robust controller is implemented in the TMS320F28377D.
The detailed parameters of the DAB converter in the HIL
setup are presented in Table 2.

A. H∞ CONTROLLER DESIGN
The control objective of the system is to obtain a minimum
H∞ norm γ by assigning the closed-loop poles within the
given region S (L1,L2) according to solving the optimization
problem (22). In this paper, considering the minimum decay
rate and the maximum natural frequency of the system, L1
can be set to 120, while L2 can be set to 1/20 of the switching
frequency.

When the condition meets 0 ≤ D1 ≤ D2 ≤ 1,
by combining the detailed parameters in Table 2, the four
vertices in the polytopic model of the DAB converter shown
in (16) are calculated as

A1 =

[
−1 0
−1 0

]
, Bu1 =

[
46875
0

]
,

A2 =

[
−31.25 0

−1 0

]
, Bu2 =

[
115310

0

]
,

A3 = A2, Bu3 = Bu1,

A4 = A1, Bu4 = Bu2 (25)

Then, the remaining disturbance matrix Bw is calculated as

Bw =

[
−1000

0

]
(26)

Here, all the parameters and matrices used to solve the
optimization problem (22) are obtained. With the help of
MATLAB LMI toolbox, a total amount of fourteen LMIs can
be formulated by introducing every vertex into (18), (20) and
(21). The fourteen formulated LMIs consist of four LMIs
from (18), four LMIs from (20), four LMIs from (21), one
LMI from positive H∞ norm γ , and one LMI from positive
definite matrixW .
Take the LMIs of (18) for example, when the first vertex

[A1,Bu1] is introduced, the corresponding formulated LMI
with MATLAB commands is expressed as

lmiterm([1 1 1 W],A1,1,’s’);
lmiterm([1 1 1 Y],Bu1,1,’s’);
lmiterm([1 1 2 0],Bw);
lmiterm([1 1 3 W],1,Cz’);
lmiterm([1 1 3 Y],1,Dzu’);
lmiterm([1 2 2 gama],-1,1);
lmiterm([1 3 3 gama],-1,1);
Thus, solving the optimization problem (22) by using

MATLAB LMI toolbox, a set of common matrices Y and W
can be found, obtaining the H∞ controller K as

K =
[
K1 K2

]
=

[
0.0061 0.7969

]
(27)

and the H∞ norm is γ = 6.9393 (also known as 16.83 dB).
The control law u(t) = d2(t) = Kx(t) to yield the outer
phase-shift ratio can be expressed as

d2(t) = 0.0061v2(t) + 0.7969x2(t) (28)

Similarly, when the conditionmeets 0 ≤ D2 ≤ D1 ≤ 1, the
control law to yield the outer phase-shift ratio can be obtained
as

d2(t) = 0.0071v2(t) + 0.9491x2(t) (29)

B. EXPERIMENTAL RESULTS
Fig. 6 shows the steady-state experimental waveforms under
the proposed H∞ robust controller when the primary side
dc voltage V1 is 250 V. It is clear that the secondary side
dc voltage V2 can be regulated at the designed 400 V under
both half-load (R = 64 �) and full-load (R = 32 �). The
full-bridge voltages vp and vs are high-frequency three-level
waves with the effect of the inner phase-shift ratio, but
the outer phase-shift ratio between vp and vs has a larger
value under full-load in Fig. 6(b) compared with half-load in
Fig. 6(a), due to more power needs to be transmitted under
full-load.

Under the same load conditions, Fig. 7 shows the steady-
state experiment waveforms under the proposed controller
while the primary side dc voltage V1 is set to 450 V.
According to Fig. 7, The secondary side dc voltage V2 is still
regulated at the designed 400V, and the outer phase-shift ratio
has a larger value under full-load, while the waveforms of the
auxiliary Inductor current iL become triangle-like instead of
trapezoid-like in Fig. 6, with higher peak values.
Fig. 8 shows the dynamic-state experimental comparison

of the DAB converter under conventional and proposed
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FIGURE 6. Steady-state experimental waveforms of DAB converter under the proposed controller when the primary side dc voltage is 250 V:
(a) Half-load (R = 64 �), (b) Full-load (R = 32 �).

FIGURE 7. Steady-state experimental waveforms of DAB converter under the proposed controller when the primary side dc voltage is 450 V:
(a) Half-load (R = 64 �), (b) Full-load (R = 32 �).

FIGURE 8. Dynamic-state experimental comparison of DAB converter under conventional and proposed controllers when the primary side dc
voltage is 250 V: (a) Conventional controller with load switching between half-load (R = 64 �) and full-load (R = 32 �), (b) Proposed controller
with load switching between half-load (R = 64 �) and full-load (R = 32 �).

FIGURE 9. Dynamic-state experimental comparison of DAB converter under conventional and proposed controllers when the primary side dc
voltage is 450 V: (a) Conventional controller with load switched between half-load (R = 64 �) and full-load (R = 32 �), (b) Proposed controller
with load switched between half-load (R = 64 �) and full-load (R = 32 �).

controllers when the primary side dc voltage V1 is 250 V,
and the load is switched between half-load and full-load.

According to Fig. 8(a), when the load is jumped from half-
load to full-load by using the conventional PI controller,
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FIGURE 10. Dynamic-state experimental comparison of DAB converter under conventional and proposed controllers with half-load condition
(R = 64 �) and primary side dc voltage switching between 250 V and 450 V: (a) Conventional controller, (b) Proposed controller.

FIGURE 11. Dynamic-state experimental comparison of DAB converter under conventional and proposed controllers with full-load condition
(R = 32 �) and primary side dc voltage switching between 250 V and 450 V: (a) Conventional controller, (b) Proposed controller.

the secondary side dc voltage V2 drops to 330 V, and the
settling time takes almost 200 ms. However, as can be seen
in Fig. 8(b), under the proposed controller, the experimen-
tal result shows satisfactory dynamic performances when
switching between half-load and full-load, with slight voltage
fluctuations and settling times.

Similar to Fig. 8, Fig. 9 shows the dynamic-state
experimental comparison of the DAB converter under the
conventional and proposed controllers while the primary
side dc voltage V1 is set to 450 V. As shown in Fig. 9(a),
it is obvious that the secondary side dc voltage V2 by
using the conventional PI controller presents non-negligible
voltage oscillations when the load varies, with a larger
voltage fluctuation of 60 V and a longer settling time of
200 ms when the load is jumped from full-load to half-load.
As a comparison in Fig. 9(b), the proposed controller shows
excellent dynamic performances when switching between
half-load and full-load, with negligible voltage fluctuations
and settling times.

Fig. 10 and Fig. 11 show the dynamic-state experimental
comparisons of the DAB converter under the conventional
and proposed controllers with different load conditions and
the change of primary side dc voltage. It can be seen that
the effect of the proposed controller is mainly to reduce the
amount of voltage fluctuation of the secondary side dc voltage
V2. Under the half-load condition, the voltage fluctuation of
V2 can be reduced by about 15 V when the primary side dc
voltage V1 is switched between 250 V and 450 V. Moreover,

under the full-load condition, the voltage fluctuation of V2
can be reduced by almost 20 V.

According to Fig. 8 to Fig. 11, it can be concluded that
the proposed H∞ robust controller achieves better dynamic
response than the conventional PI controller when load
resistance jumps and primary side dc voltage variations.
Furthermore, over the entire primary side dc voltage range
of 250 V to 450 V, it indicates that the proposed H∞

robust controller can achieve system stability and robustness
whenever half-load or full-load.

V. CONCLUSION
This paper presents the design of H∞ robust controller
with load-current feed-forward for the DAB converter used
in BESS. Based on DPS control, a polytopic model of
the DAB converter with two uncertain elements is first
established by convex optimization theory. LMIs are then
used to design the H∞ robust controller conveniently to
minimize the influence of disturbance on the output voltage.
To ensure the dynamic performance of the system under
a wide range of operating voltage conditions, a regional
closed-loop pole configuration technique is properly adopted.
To further enhance the dynamic response, an improved LCFF
control with lookup tables for phase-shift compensation is
investigated. A series of comparative experiment results
obtained from a built OPAL-RT hard-ware-in-loop platform
verify that the proposed H∞ robust controller achieves robust
and fast dynamic performance.

72340 VOLUME 11, 2023



X. Xu et al.: Design of H∞ Robust Controller With LCFF for DAB DC–DC Converters

As a future work, an experimental prototype with the same
rated powerwill be designed to further verify the performance
of the proposed H∞ robust controller. And the application
of H∞ robust control can be extended to the DAB converter
with TPS control or other power converters.
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