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Abstract: Dual active full-bridge (DAB) DC–DC converters are widely used in DC
microgrids and various fields of power electronics. It has the advantages of high-power
density, easy to implement soft switching and bi-directional power transfer capability.
Conventional linear controllers have difficulty in meeting the increasing demands for speed
and robustness. In this paper, a control strategy based on the Brayton–Moser theory of power
shaping is proposed to improve the control strategy of DAB DC–DC converters. The DAB
DC–DC converter is modelled and the controller is designed based on the Brayton–Moser
power-shaping theory. A simulation of the DAB DC–DC converter is constructed and
a comparative analysis is carried out for three control strategies of PI control, passive control
and power-shaping Brayton–Moser control under different operating conditions.
Key words: Brayton–Moser theory, DAB topology, DC microgrids, passive control

1. Introduction

With the development of increasing energy demand, DC–DC converters are widely used
in electric vehicle charging and DC microgrids. Among them, bidirectional energy flow, high
transmission efficiency, electrical isolation and low reactive power demand are the advantages
of dual active bridge (DAB) DC–DC converters, which are widely used in electric vehicles, new
energy generation and energy storage [1–3]. However, since the power electronic converter is
a highly coupled nonlinear system that can be affected by circuit parameter disturbances, load and
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input voltage variations, and unmodeled dynamics, the use of traditional linear control methods
can no longer meet the requirements of high-performance systems in practical applications.

As more and more scholars at domestic and abroad have carried out research on the DAB
DC–DC converter, it has also been widely used in practical engineering. Xia et al. [4] proposed
a quasi-single stage DC–DC converter integrating the dual active bridge (DAB) and buck-boost
(IDABBB) for wide output voltage range applications, which has excellent performances in
terms of efficiency, cost, and power density. Chen et al. [5] put forward a power balance control
based on return power optimization for the DAB converter, which ensures good power balance,
evidently reduces the return power and improves the dynamic response of the system. Siddhant
Bikram Pandey et al. [6] proposed a hybrid modulation scheme using single-phase shift (SPS) and
dual-phase shift (DPS) control for on-board charger (OBC) applications requiring high power and
a wide voltage range to reduce the rms currents and conduction losses at higher voltage levels and
to achieve zero-voltage for all the switches over a wide range of battery zero-voltages switching
(ZVS) turn-on. Mridul Mishra et al. [7] analyzed the operation of a DAB DC–DC converter in
constant-current (CC) and constant-voltage (CV) operating modes for electric vehicle battery
charging applications. Scholars have proposed many nonlinear control methods for DAB DC–DC
converters.

In recent years, nonlinear control algorithms have attracted much attention in the field of
power electronics, such as sliding mode control [8], non-smooth control [9], passive control [10],
model predictive control [11] and adaptive control [12]. The above nonlinear control has many
limitations, such as having a relative order limitation, as well as low control accuracy, complex
calculations, and lower generalizability, among others, and needs further improvement. Among
them, nonlinear control based on passive ideas is widely used by researchers, it has the advantages
of no overshoot, high stability and good robustness [13–15], is very suitable for application in
the field of complex industrial control where there are fluctuations in parameters. Meanwhile,
compared with many nonlinear control strategies, the algorithmic logic structure of passive control
is simple and easy to program and implement, so it has attracted much attention.

The basic theory of passive control was proposed in the 1950s by two scholars, Lurie and Popov,
who linked its concept with stability and applied it to control strategy, and then gradually developed
into the current passive theory through the in-depth study of scholars such as Yakubovich, Hill
and Moylan [16]. The essence of passive controller design is to control the energy distribution of
the system, the basic idea of the design is: first of all, the “reactive term” of the system is separated
from the system, because the “reactive term” does not affect the energy of the system and will not
destabilize the system, so it can be conFigured arbitrarily [17]. The appropriate conFiguration of
the "reactive term" in the system is done by adding damping to the system, so that the total energy
function of the system follows the given energy function, the closed loop system is passive, and
the system is guaranteed to be stable, so that the state variables of the controlled system do not
differ from the reference values of the given state variables. Passive control shifts the research
framework of control theory from the traditional signal processing perspective to the energy
processing (transmission) perspective, and its physical concepts are very intuitive and easy to be
accepted by engineers, and there exist a wide range of applications in many practical physical
systems. The core of it is to start from the energy point of view so that the closed-loop system
satisfies passivity. The error between the state variables of the controlled system and the reference
value of the given state variables converges asymptotically to zero [18].
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At present, there are two common forms of passive controller design, one is to establish
the Euler-Lagrange (EL) model of the system and perform the passive controller design by damping
injection. The other one is to establish the Port Controlled Hamilton (PCH) model of the system and
perform the passive controller design by the Interconnection and Damping Assignment Passivity
Based Control (IDA-PBC) method. The more mature application of these two controller design
methods is the EL-based system passive controller, which has been successfully applied to a variety
of power electronic converters such as PWM rectifiers, multi-level rectifiers, DC/DC converters,
UPS converters, multi-level inverters, active power filters, etc. The design of this control method
has been successfully applied to a variety of power electronic converters. Reference [19] proposed
the Brayton–Moser (BM) control method based on the passive theory, from the perspective of
the system instantaneous power can be converter voltage and current and other variables can
be directly introduced into the model, and has no overshoot, high stability, fast response speed,
robustness and other advantages [20].

In this regard, scholars at domestic and abroad have used the theory of the Mixed Potential
Function (MPF) to analyze the stability and stability conditions of the system based on the Brayton–
Moser (BM) model, and have obtained good results. Kumari SHIPRA et al. [21] developed a
dynamic model of a three-stage boost converter using the BM theory and completed the control
strategy based on the BM theory by injecting virtual resistors. Tomoaki Hashimoto [22] investigated
the predictive control model using the discrete BM theory and proposed a prediction method
for discrete-time nonlinear systems and provided a numerical solution based on the C/GMRES
algorithm to solve the prediction problems. Sonal Gedam et al. [23] used the power of the system to
construct a model and proposed the use of the BM theory as a new building block for modelling and
analysis of switching systems. The theory is also demonstrated using the example of a solid-state
transformer (SST). This control strategy is used to design the controller for the system from
the perspective of system energy, and has been applied in several research areas in recent years, such
as electric vehicles and power systems [24,25]. Based on this, the BM theory has gradually gained
rapid development by improving the stability of control and enhancing the dynamic response in
both energy-shaping and power-shaping.

The Brayton–Moser theory allows a dynamic system to be studied in terms of its stability
and dynamic performance by means of directly observable quantities, organizing the dynamic
equations of the circuit into the form of the Brayton–Moser model including the terms of its
derivative of the power mixing potential function and the other term containing the duty cycle.
In the mixed potential function, in order to satisfy the power balance inequality, the matrix Q
which contains the dynamic original elements the inductance and the capacitor, needs to satisfy
the negative definiteness, so that new P andQ are constructed to maintain the stability of the system.
The new circuit system after the equivalence satisfies the conditions for the BM model to hold, so
the controller is designed on this basis and the duty cycle is obtained to finally achieve the stability
of the DAB controller. The stability of the BM method is verified by applying the second method
of the Lyapunov stability in the theoretical part, and its stability, robustness and good dynamic
performance are verified in the simulation part.

This paper is divided into the following sections: Section 1 gives the development history of
passive control and the current status of domestic and international research on the BM theory,
and presents the research content of this paper. In Section 2, the BM theory [26] based on power
shaping is briefly introduced. Based on the topology, the mathematical model of the DAB DC–DC
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converter is given and the stability analysis is carried out. In Section 3, the controller based on
the power shaping BM theory is designed. In Section 4, a simulation of the DAB DC–DC converter
is constructed and the effectiveness of the BM control strategy is demonstrated by comparing
with the PI control strategy and passive control under different operating conditions. Finally,
the conclusions of this study are presented in Section 5.

In this paper, the control strategy of the DAB converter is further investigated. The main
contributions of this paper include:

1. For the first time, a DAB DC–DC converter control strategy based on the BM theory in
the form of power shaping is proposed, and a more detailed discussion, mathematical model
and formulas are given.

2. By the proposed strategy, multiple dynamic responses of the DAB DC–DC converter based
on the BM theory control method are achieved.

3. The BM control strategy has been improved effectively under various operating conditions
compared with PI control and passive control.

2. Brayton–Moser model based on power shaping

As shown in Fig. 1, the topology of the dual active full-bridgeDC–DCconverter consists of a full-
bridge converter on the primary side, a high-frequency transformer (HFT) and a full-bridge converter
on the secondary side. The full-bridge converter realizes DC–AC, AC–DC voltage conversion,
while the high-frequency transformer can realize the voltage matching between the primary side
and the secondary side, electrical isolation, as well as the temporary storage of energy.

Fig. 1. The topology of dual active full bridge DC–DC converter

In Fig. 1, we used SPS (Single-phase-shift) modulation, the primary-side full-bridge converter
consists of four MOSFETs (S1 − S4) and filter capacitors C1.The secondary-side full-bridge
converter is similar to the primary-side full-bridge converter and consists of four MOSFETs
(Q1 −Q4) and filter capacitors C2. Due to the similarity of the primary-side and secondary-
side operating mechanisms, the MOSFET S1 and S4 turn on complementary to each other, and
theMOSFET S2 and S3 turn on at the same time, generating square wave voltagesVH1 andVH2 with
a 50% duty cycle on the primary and secondary sides of the transformer T . V1 is the input voltage,
V1 is the output voltage. iL is the average value inductance current and n is the transformer ratio.
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The dynamic model of the DAB converter based of the Brayton–Moser theory is:
L

diL
dt
= V1 − nV2

C2
dV2
dt
=

nV1
2 fsL

d(1 − d) −
V2
R

. (1)

Among them, L is the inductance of the circuit, C2 is the filter capacitors, and iL represents
the average value of inductive current, V2 is the output voltage on the secondary side. We introduce
the drive amount D, and there exists D = d(1 − d), where X = [iLV2]

T = [x1x2]
T is substituted

into the above model. Then we obtain:
−L

diL
dt
= nV2 − V1

C2
dV2
dt
=

nV1
2 fsL

D −
V2
R

. (2)

To facilitate the design of the controller, the compact form of the BM model of the nonlinear
system is denoted as:

Q Ûx = ∂P(x)
∂x − B̂u. (3)

The matrix Q = diag {−L,C2} is the matrix which consists of the inductance L and the filter
capacitors C2,

X = [x1x2]
T ,

∂P(x)
∂x =


−nV2 + V1

−
V2
R


is the derivative of the mixed potential function, and

B̂ =


0

−D

 , u =


0
nV1

2 fsL

 .
For stability analysis, multiplying ÛxT at both sides of Eq. (3) gives:

ÛxTQ Ûx = ÛxT ∂P(x)
∂x − ÛxT B̂u. (4)

Due to
ÛxT
∂P(x)
∂x =

∂P(x)
∂t ,

the condition
dP(x)

dt = ÛxTQ Ûx + ÛxT B̂u
is satisfied.

Since Q is not a negative-definite matrix, the power balance inequality

∂P(x)
∂t ≤ ÛxB̂u

is not satisfied.
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Then the stability of the DAB converter system cannot be ensured. To keep the stability of
the DAB converter, a new BM model needs to construct as well as find a new P̃ and Q̃. For a given
(QP) and an arbitrary λ and symmetric matrix M are chosen:

Q̃ = λQ + ∂P(x)
∂x MQ

(
∂P(x)
∂x

)T
P̂ = λP + 1

2

(
∂P(x)
∂x

)T
M ∂P(x)

∂x

. (5)

Thus, the BM model is transformed into: Q̃ Ûx = ∂P̃(x)
∂x −

˜̂Bu, where B̃ = Q̃Q−1B.

When the matrix Q̃ satisfies the negative-definite condition

Q̃(x) + Q̃T
(x) ≤ 0,

there exists
∂P̃(x)
∂t ≤ Ûx˜̂Bu,

the system satisfies the power balance inequality condition

P̃(x(t)) − P̃(x(0) ≤
t∫

0

uT (τ)ỹ(τ)dτ,

where uT (τ) is the input and ỹ(τ) = B̃T
Ûx is the output under the BM model.

Select

M =


−

1
L

1
C2

 , ∴ Q̃ = λQ + ∂P(x)
∂x MQ

(
∂P(x)
∂x

)T
=

[
−λL

λC2 +
1
R

]
,

then
P(x) = (1 − iL)nV2 + V1iL −

1
2R

V2
2 ,

there is

∴ P̃(x) = − 1
2L
(V1 − nV2)

2 +
1

2C2
·

V2
2

R2 − λnV2(1 − iL) −
λ

2R
V2

2 + λV1iL .

We assume that Q̃ is a negative-definite matrix, we must ensure that the odd-order principal
sub-equation is less than 0 and the even-order principal sub-equation is greater than 0. We have

−λL < 0

−λL
(
λC2 +

1
R

)
> 0

, λC2 −
1
R
< 0.
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The new BM model is obtained finally as shown in Eq. (6):
−λL

λC2 +
1
R



ÛiL

ÛV2

 =


λ(V1 + nV2)
n
L
(V1 − nV2) +

1
C2R2 V2 − λn(1 − iL) −

λ

R
V2


−


0 0

0 −D · C2

(
λC2 +

1
R

) 


0
nV1

2 fsL

 .
(6)

3. Controller design based on BM model for power shaping

3.1. Controller design based on BM model of DAB converter

To enhance the dynamic regulation capability of the DAB DC–DC converter to control
the voltage, a new potential function Pd(x) needs to be constructed so as to obtain a new closed-
loop system Q̃(x) Ûx = ∇Pd(x). The equilibrium of the new potential function Pd(x) at the desired
value x∗ satisfies the condition 

∂P̃(x)
∂x
|x = x∗ = 0

∂2P̃(x)
∂x2 |x = x∗ > 0

,

where x∗ = [x∗1 , x∗2]
T = [i∗L,V

∗
2 ]

T .
Set the new potential function as Pd(x) = P(x) + Pa(x), we get:

∂P(x)
∂x

��������x = x∗ =


λ(V1 + nV∗2 ) +

∂Pa(x)
∂x

|x = x∗

n
L
(V1 − nV∗2 ) +

1
C2R2 V∗2 − λn(1 − i∗L) −

λ

R
V∗2 +

∂Pa(x)
∂x

|x = x∗

 = 0. (7)

Let
Pa(x) =

1
2

k1(x1 − x∗1)
2 +

1
2

k2(x2 − x∗2)
2 −

1
L

x2x∗2 .

Pd(x) satisfies the second condition at the desired value of the equilibrium point x∗, it is denoted
as:

Pd(x) = P(x) + Pa(x) = λV1iL − 2λnV2iL +
n
L

V1V2 −
n2

2L
V2

2 +
1

2C2R2 V2
2

−
λ

2R
V2

2 −
1
L

x2x∗2 +
1
2

k1(x1 − x∗1)
2 +

1
2

k2(x2 − x∗2)
2. (8)

Since the closed-loop system satisfies the condition

B̃u = ∂Pa(x)
∂x ,
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at the equilibrium point there are:


0 0

0 −D · C2(λC2 +
1
R
)




0
nV1

2 fsL

 =


k1(x1 − x∗1)

k2(x2 − x∗2) −
1
L

x∗2

 . (9)

Eventually, the duty cycle is found to be:

d1 =
1
2
+

√√√√√√√√
1 + 4 ·

k2(x2 − x∗2) −
1
L

x∗2

−C2(λC2 +
1
R
)

nV1
2 fsL

2

d2 =
1
2
−

√√√√√√√√
1 + 4 ·

k2(x2 − x∗2) −
1
L

x∗2

−C2(λC2 +
1
R
)

nV1
2 fsL

2

. (10)

3.2. Stability analysis of DAB DC–DC converter based on BM model

Figure 2 shows the diagram of BM-based power shaping control strategy for the DAB. To
validate the stability of the BM control strategy, the stability of the BM model is obtained by
plotting its maximum Lyapunov exponent.

Fig. 2. Diagram of BM power shaping control strategy for DAB

The maximum Lyapunov exponent map based on the Brayton–Moser model is given in
Fig. 3. As shown in Fig. 3, it gives the relationships between the Lyapunov exponent LEs and
the duty cycle b. The Lyapunov exponent represents the numerical characteristic of the average
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exponential divergence rate of adjacent trajectories in phase space. It is found that the maximum
Lyapunov exponent is consistently less than 0 which validate the stability of the system. Therefore,
the stability of this control strategy is proved.

Fig. 3. Maximum Lyapunov exponent map based on BM model

4. Simulation analysis of power shaping based control strategy
for DAB converter

To verify the feasibility of the BM control method proposed in this paper, we utilized some
power electronics devices of Matlab/Simulink to verify the controller simulation of the DAB
converter based on BM-PBC parallel damping, the simulation parameters are shown in Table 1.

Table 1. System simulation parameters

Parameters Numerical value

Input voltage V1/V 400

Output voltage V2/V 750

Inductance L/µH 60

Switching frequency f /kHz 50

Primary side full bridge capacitor C1/mF 0.7

Sub-side side full bridge capacitor C2/mF 0.35

Transformer ratio n 1:1
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According to parameter values given in Table 1, we compare and analyze BM control compared
with EL control and PI control in the DAB converter for the simulation results at the startup phase,
the change of desired voltage and the change of bus voltage.

4.1. Stability analysis of DAB DC–DC converter based on BM model

A. Start-up phase simulation
As shown in Fig. 4, the comparison of the start-up phase simulation of the DAB DC–DC

converter is given. We tentatively set the output voltage V2 to be 750 V, and the coefficient of
a new BM controller parameter λ is set to be 400, k1 is 5.11. The proportionality coefficient of
PI controller Kp = 0.0008, at the same time the integration coefficient Ki = 0.05, respectively.
Simulation results show that the static effects of all three control strategies are eventually stabilised
at 750 V while the speed and the overshoot are different. With BM control, the voltage reaches
the desired value in 0.109 s and gradually stabilizes at 750 V. In contrast, the voltage reaches
steady state at 0.111 s with EL control, and with PI control, the voltage reaches the desired value
at 0.13 s and there is a steady state. The solid yellow line represents PI control, which can be seen
in Fig. 4 to have a significant overshoot of 20.6% compared to EL and BM controls. Comparing
the three control strategies, the response of the system under BM control and passive control is
faster and there is no overshoot under BM control. Compared to EL control, the response speed of
BM control is better, which proves that BM control can solve the contradiction between speed and
overshoot in PI control more effectively than traditional passive control.

Fig. 4. Comparison of startup phase characteristics simulation of Brayton–Moser control, EL control
and PI control

B. Simulation of desired voltage change
The simulated waveform of the current and voltage of the DAB converter when the desired

voltage changes is performed as shown in Fig. 5. Firstly, we compare the three control strategies
stabilizing at a rate of 650 V when the desired voltage changes. The desired output voltage changes
from 750 V to 650 V in 0.2 s, and when the system is controlled by the BM control strategy, it
returns to a steady state in 0.2232 s and there is no apparent fluctuation.With EL control, the system
returns to a steady state at 0.2402 s, and with PI control, the system reaches a steady state at
0.266 s with a little overshoot, the amount of overshoot is about 1.62%. Comparing the waveforms
of the three control strategies, BM control and EL control have a certain degree of speed after
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disturbance without obvious fluctuations compared to PI control. From the simulation results,
it is concluded that BM control has the better robustness and anti- interference and the fastest
stabilization rate when the desired voltage changes abruptly.

Fig. 5. Comparison of desired voltage change simulation of Brayton–Moser control, EL control and PI control

C. Simulation of bus voltage change
As shown in Fig. 6, the waveform simulation of the current and voltage of the DAB converter

during the change of the bus voltage is given, the input voltage changes from 500 V to 400 V in
0.2 s, when the system is controlled with BM control. It returns to a steady state in 0.218 s after
the disturbance is added and the voltage stabilizes at 750 V without any obvious fluctuation. The
system returns to a steady state in 0.222 s with passive control and in 0.282 s with the PI control.
Comparing the waveform of the three control methods, BM control and passive control have more
obvious rapidity and less fluctuation after perturbation compare to PI control. At the same time,
BM control have better robustness than traditional passive control, the speed of reaching a steady
state is faster.

Fig. 6. Comparison of bus voltage change simulation of Brayton–Moser control, EL control and PI control
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5. Conclusion

In this paper, the BM control strategy based on power-shaping is proposed, and a nonlinear
controller is modelled and designed for the DAB DC–DC converter.

1. Compared with passive control, the proposed control method can more effectively solve
the contradiction between overshoot and rapidity in the PI controller.

2. BM control has stronger anti-interference ability and faster speed than passive control in
three working conditions: the start-up phase, desired voltage change and bus voltage change.

3. The parameters of the BM control strategy satisfy many different working conditions,
the difficulty of the PI control parameter setting has been effectively improved.
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