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Theoretical Stability Analysis of Isolated Bidirectional
Dual Full Bridge DC-DC Converter
K. Wu 1 C. W. de Silva 2 W. G. Dunford 1
Abstract–This paper presents a new method for theoretical
stability analysis of a bidirectional dual full bridge DC-DC
converter with triple phase-shift control. The developed
approach is analytically sound and generally applicable when
compared with the existing approaches, which are by and
large based on computer simulation. The operating process
of a bidirectional converter is multi-stage and nonlinear,
which is explained by giving consideration to the control
method that is used. Based on its working theory, the
converter is separated into several stages. Equivalent circuits
and state equations are built for each stage to determine the
stability in each stage. Then, abrupt state changes and the
response to infinite noise are analyzed for stage transitions.
Next, the stability of the bidirectional converter is
determined using the eigenvalue method. The analytical
results are validated through computer simulation.

Section IV. In Section V, the stability of the bidirectional
converter is determined with the developed method, when
the input voltage changes arbitrarily. The results obtained
from the analysis are validated using simulations and
discussed in Section VI. The main contributions of the paper
are summarized in Section VII.

Keywords–Bidirectional isolated DC-DC converter, stability
analysis, triple phase-shift control, equivalent circuits, state
equations, eigenvalue method.

I. INTRODUCTION
Fig. 1: The power circuit of the bidirectional converter.

In recent years, the development of high power and large
power range isolated bidirectional dc-dc converters has
become an important topic because of the requirements of
electric automobile, uninterruptible power supply and
aviation power system [1], [2], [4], [9]. An identical dual
active full bridge converter with zero voltage switching
(ZVS) can be used on both sides of the isolation
transformer as shown in Fig. 1 [3, 5,14]. Stability is an
important requirement in any practical engineering system
[6-8]. Some parameters of a bidirectional converter may
change arbitrarily, and it is important that converter
operates properly under these conditions. This paper
presents an effective approach, using the eigenvalue
method, to determine the stability of a nonlinear
bidirectional DC-DC converter when the parameters
change arbitrarily. The novel approach of triple phase-shift
control is used in this paper as it can improve system
efficiency and adaptability to parameter changes.
This method developed in this paper may be used to study
stability of other similar nonlinear time-varying circuitry as
well. The organization of the rest of the paper is as follows.
The problem addressed in the paper is described in detail in
Section II. The stability analysis method used in the paper is
described in Section III. The operation of the bidirectional
dual full bridge converter with the novel triple phase-shift
control is analyzed and the equivalent circuits are derived in
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II. PROBLEM DESCRIPTION
1. Statement of the Problem
In power electronics, stability of a power converter is
usually determined through simulation because it is
nonlinear system whose stability analysis is quite difficult.
This is especially true for high power zero voltage
switching (ZVS) converters [10], [12]. However, the
method of simulation is not always appropriate because
simulation results only provide information under specific
working conditions. When input voltage changes for some
reason, the converter will work in a different state. It is
impossible to simulate the infinite number of such
working conditions that are possible. Analytical
determination of stability analysis is more general, and is
desired in this backdrop [17].
This paper presents an effective method to determine the
stability of a bidirectional DC-DC converter with triple
phase-shift control under possible input voltage changes.
For this purpose, first a mathematical model has to be
developed for the bidirectional converter with dual phaseshift control, which is a nonlinear system. Besides this, the
input voltage change must be taken into account when
determine its stability. The problem is exacerbated by the
fact that the input voltage can change, and this change is
unknown in general.
Although the problem of stability analysis can be difficult
and complex, the periodic operation of a bidirectional
converter can be analytically represented. The
bidirectional converter is separated into several stages in
one period, guided by results from computer simulation
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under normal conditions. An equivalent circuit is
developed for every stage of operation by approximating
the nonlinear power switches and diodes with linear ones;
for example, replacing the power MOSFET with an onresistance when it conducts and replacing the diodes with
voltage sources of their conduction voltage values. In this
manner, an approximately linear time-varying equivalent
circuit model is established for each stage or sub-stage.
According to the equivalent circuit, the approximately
state equation can be built for each stage or sub-stage. This
facilitates the stability analysis of the bidirectional
converter in every stage and within the entire period of
operation.

Based on this idea, the forward bidirectional dual full
bridge converter is separated into eight main stages for the
purpose of theoretical analysis of its stability. There are no
abrupt state changes during the transition between two
stages because the two stages are connected with each
other by the capacitor voltages and inductor currents. It is
well known they cannot change abruptly. Therefore, the
forward bidirectional dual full bridge converter with triple
phase-shift control will be stable if it is stable in each stage.
Only the forward response is considered in the present
analysis. The stability of the backward bidirectional dual
full bridge converter with triple phase-shift control can be
analyzed similarly.

2. Components in Power Circuit
The components in the power circuit of the converter are
identified below.
L01, L02 ---- Two series inductors
C1=C2=C3=C4=C5=C6=C7=C8 --- Eight snubber
capacitors
Co, Co1 ---Two large filter capacitors
Ro --- Forward load resistor
The parameters of the main transformer are as follows:
Lp ---Primary leakage inductance
Ls --- Secondary leakage inductance
Rp --- Primary winding resistance
Rs--- Secondary winding resistance
Turns ratio: 1: n
The parameters of the eight power MOSFETs are as
follows:
R1, R2, R3, R4, R5, R6, R7, R8 ---- On-resistance
D1, D2, D3, D4, D5, D6, D7, D8 --- Anti-parallel diodes
with power MOSFETs.

2. Component Parameters in Power Circuit
L01=7.3μH;
C1=C2=C3=C4=C5=C6=C7=C8=1nF;
L02=6.9μH;
Co=Co1=500μF;
Ro=40Ω;
Lp=0.6μH;
Ls=1μH;
Rp=7mΩ;
Rs=10mΩ;
n=7/2
The parameters of the 8 power switches are as follows:
Tr1~Tr4: On resistance: 5mΩ; Diode Voltage drop: 1V
Tr5~Tr8: On resistance: 23mΩ; Diode Voltage drop: 0.6V

3. Variables Used in the Paper
iap, ias ---Power circuit primary current and secondary
current of the transformer
Vc1, Vc2, Vc3, Vc4, Vc5, Vc6, Vc7, Vc8 ---Voltages across
the corresponding parallel capacitors.
Vs ---Input voltage
Vo ---Output voltage
VD1, VD2, VD3, VD4, VD5, VD6, VD7, VD8 ----Forward
conduction voltages of anti-parallel diodes.

IV. EQUIVALENT CIRCUITS
The forward simulation wave-forms of the bidirectional
converter with normal steady state operation are shown in
Fig. 2. As shown, the triple phase-shift control method
includes three phase-shifts. The first is the phase-shift
between the primary control signal and the corresponding
secondary control signal, for example, between Vg1 and
Vg5; the second is the phase-shift between the diagonal
control signals in the primary power circuit, for example,
between Vg1 and Vg4; and the third is the phase-shift
between the diagonal control signals in the secondary
power circuit, for example, between Vg5 and Vg8.

III. STABILITY ANALYSIS OF DUAL FULL BRIDGE
CONVERTER
1. The Method
The bidirectional DC-DC converter has many nonlinear
components, and is essentially a nonlinear system during
its entire period of operation. However, it can be separated
into several linear stages according to the simulation
wave-forms under normal working conditions. The
equivalent circuit and the corresponding state equations
can be established for each stage. Using these state
equations, stability can be analyzed for every stage. If the
converter is stable in every stage and there is no abrupt
state change at the interface of two stages, this converter
will be stable during the entire working period. In this
context, for analytical purposes, abrupt state change means
an instantaneous change in the state variables at the
interface of different stages.
12
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Fig. 2: Simulation wave forms of the forward bidirectional
converter with triple phase-shift control.

The forward bidirectional dual full bridge converter is
separated into eight stages in one period. Its operation and
the equivalent circuit for every stage are described below.

Then the current flows through Tr6/D8. The energy is
stored in the secondary inductor L02 and the leakage
inductor because this is a freewheeling period with no
power transfer to the load, in theory. Output capacitor
provides energy to the load and the output voltage
continues to reduce in this period. The equivalent circuit in
this stage is given in Fig. 5.

A. Stage 1 (t0~t1)
Power switches Tr1 and Tr4 will turn on at “t=t0”.
Because the primary current is still negative during this
period, the primary current will flow through Tr4/Tr1 and
the inductor energy flows back to the power source.
Because Vg5/Vg8/Vg7 are equal to zero, Tr5/Tr8/Tr7 are
all in the “Off” state; Vg6=1, Tr6 is “On”. Ias<0 and
secondary current flows through Tr6/D7. The inductor L02
and output capacitor provide energy to the load. The
output voltage reduces during this period. The equivalent
circuit in this stage is given in Fig. 3.
Fig. 5: Free-wheeling equivalent circuit in stage 2.

Tr6 turns off just before t2. The secondary current will
charge the snubber capacitor C6 and discharge the snubber
capacitor C5. During this very short period of transitional
time, the secondary current flows through D8 to charge
and discharge the snubber capacitors. When C5 is totally
discharged (Vds5=0), the secondary current will flow
through D5/D8 and the energy will be transferred to the
load. The corresponding equivalent circuits are shown in
Fig. 6 and Fig. 7.
Fig. 3: Equivalent circuit in stage 1.

B. Stage 2 (t1~t2)
Because Vg1/ Vg4 =1, power switches Tr1 and Tr4 are in
“On” state in this period. Because the primary current is
positive during this period, the primary current will flow
through Tr1/Tr4, inductor L01 and the transformer leakage
inductance. The energy will transfer from the primary side
to the secondary side.
Because Vg5/Vg8/Vg7 are equal to zero, Tr5/Tr8/Tr7 all
are in the “Off” state; Vg6=1, Tr6 is “On”. Ias>0 and
secondary current will charge capacitor C7 and discharge
capacitor C8 until its voltage reduces to the forward
conduction voltage of diode D8. The corresponding
equivalent circuit is given in Fig. 4.

Fig. 6: Charge-discharge equivalent circuit in stage 2.

Fig. 7: Diode conduct equivalent circuit in stage 2.

Fig. 4: C8 discharging equivalent circuit in stage 2.
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C. Stage 3 (t2~t3)
The control signal Vg5/Vg8=1. The power switches Tr5/Tr8
will turn on at t2. Because Ias>0 during this stage, the
secondary side current will flow through Tr5/Tr8 and
transfer energy to the load. The output voltage will
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increase. The equivalent circuit in this stage can be
obtained as before, and is shown in Fig. 8.
D. Stage 4 (t3~t4)
Here Vg4/Vg8=0; so, Tr4/Tr8 will turn off at t3. For the
primary side, Tr4 turns off at t3. The primary current will
charge the snubber capacitor C4 and discharge the snubber
capacitor C3. When C3 is completely discharged (Vds3=0),
the primary current will flow through Tr1/D3 and form a
free-wheeling sub-stage. No power is transferred to the
secondary side, in theory.
For the secondary side, the current ias>0. This indicates
that Tr5/D8 will continue to conduct in this period of time.
The additional inductor L02 and the secondary leakage
inductance will provide energy transfer to the load. The
output voltage will continue to increase in this stage. The
corresponding equivalent circuits are shown in Fig. 9 and
Fig. 10.

C2 is completely discharged (Vds2=0), D2 will conduct
and form an energy feedback to the power source.
Therefore, Tr2/Tr3 will turn on at t4 under ZVS. Because
the primary current Iap>0, the energy will feedback to the
primary source in this stage.

Fig. 10: Free-wheeling equivalent circuit in stage 4.

Tr1 turns off just before t4. The primary current will
discharge the snubber capacitor C2 and charge the snubber
capacitor C1. During this very short transitional time, the
current will flow through D3 to charge and discharge the
capacitors. When C2 is completely discharged (Vds2=0),
D2 will conduct and form an energy feedback to the power
source. This will make it feasible for Tr2/Tr3 to turn on
under ZVS. The corresponding equivalent circuits are
shown in Fig. 11 and Fig. 12.
Fig. 11: C2 discharge equivalent circuit in stage 4.

Fig. 8: Energy transfer equivalent circuit in stage 3.
Fig. 12: Energy feedback equivalent circuit in stage 4.

For the secondary side, Vg5=1; so, Tr5 is “On” in this
stage. Vg6/Vg7/Vg8=0; so, Tr6/Tr7/Tr8 all will be in the
off state during this period of time. Because the secondary
side current Ias>0, Tr5/D8 will conduct in this period of
time. The inductor L02, the secondary leakage inductor
and the output capacitor together will provide energy to
the load in this stage. The output voltage begins to reduce
in this stage. According to this analysis, the equivalent
circuits for this stage may be obtained as before.

Fig. 9: C3 discharge equivalent circuit in stage 4

E. Stage 5 ( t4~t5)
Because Vg2/Vg3=1, Tr2/Tr3 will turn on at t4. Tr1 turns
off just before t4. The primary current will discharge the
snubber capacitor C2 and charge the snubber capacitor C1.
During this short transitional period, the current will flow
through D3 to charge and discharge the capacitors. When

F. Stage 6 (t5~t6)
Because Vg2/Vg3=1, Tr2/Tr3 will be on in this stage.
Because the primary current Iap<0, the energy will
transfer to the secondary side again. For the secondary
side, Vg5=1; so, Tr5 is on state in this stage.
Vg6/Vg7/Vg8=0; so, Tr6/Tr7/Tr8 all will be in the off state
during this period of time. Because the secondary side
current Ias<0, the secondary current will charge the
capacitor C8 and discharge the capacitor C7 until its
14
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voltage reduces to the forward conduction voltage of diode
D7. Then the current will flow through Tr5/D7 in this
period of time and form a freewheeling period with no
energy transfer to the load, in theory, in this stage. The
energy from the primary source is stored in L02 and the
leakage inductor. The output capacitor provides energy to
the load and the output voltage will continue to reduce in
this stage. The equivalent circuit can be obtained as bore,
for this stage.
G. Stage 7 (t6~t7)
Because Vg6/Vg7=1, Tr6/Tr7 will turn on at t6. Vg5=0; so,
Tr5 turns off just before t6. The secondary current will
charge C5 and discharge C6. During this very short of
transitional time, the secondary current will flow through
D7 to charge and discharge the snubber capacitors. When
C6 is completely discharged (Vds6=0), D6 will turn on
and D6/D7 will conduct to form ZVS and transfer energy
to the load. Because the secondary side current Ias<0,
Tr6/Tr7 will conduct in this period of time and transfer
energy to the load, and the output voltage will increase in
this stage. The equivalent circuits in this stage can be
obtained as before.
H. Stage 8 (t7~t8)
Because Vg3/Vg7=0 at t7, Tr3/Tr7 will turn off at t7. On
the primary side, Tr3 will turn off; and the primary current
will charge C3 and discharge C4. During this very short of
transitional time, the primary current will flow through Tr2
to charge and discharge the snubber capacitors C3 and C4.
When C4 is completely discharged (Vds4=0), D4 will turn
on. Tr2/D4 will conduct. This will form a freewheeling
stage with no energy transfer to the secondary side
theoretically. Tr2 turns off just before t8. The energy
stored in the additional inductor L01 and the transformer
leakage inductance will charge the snubber capacitor C2
and discharge the snubber capacitor C1. During this very
short period of transitional time, the primary current will
flow through D4 to charge and discharge the snubber
capacitors. When C1 is completely discharged (Vds1=0),
then the primary current will flow through D4/D1 and the
inductor energy will flow back to the power source.
On the secondary side, Tr6/D7 will continue to conduct
during this period of time and transfer energy to the load.
This is because the secondary side current Ias<0. The
energy mainly comes from the stored energy of additional
inductor L02 and the leakage inductance. Output voltage
will continue to increase in this stage. The corresponding
equivalent circuits can be obtained as before, based on the
analysis for this stage.
V. STABILITY ANALYSIS WITH EIGENVALUE METHOD
Based on the equivalent circuits in each stage, the
corresponding state equation can be built for this
bidirectional DC-DC converter in each stage. The
equivalent circuits are got by the analysis of the
combination act of the input signal, output signal and
control signal of this closed-loop converter. According to
model identification [13], [16], the equivalent circuits in
each stage are closed-loop models for this nonlinear DCDC converter. The corresponding state equation will be a
15

closed-loop state space model of this bidirectional
converter in each linear stage. It can be used to determine
the stability of this bidirectional converter in every linear
stage directly.
A. Stability Analysis in Stage t0~t1
From the equivalent circuit of the converter, as shown in
Fig.3, the state equations of the converter can be generated
for this stage. For convenience, let:

1

Veq  L01  L p 

n

Req  R p 
Leq

2

L02 
1

n2

1
n2

Ls

Rs

diap
1
  Req i ap  Vc1  Vc 4  Vc6
dt
n
1
1
 Vo  V D 7  V s
n
n
C1

(1)

dVc1
V
 i ap  c1
dt
R1

dVc 4
V
 i ap  c 4
dt
R4
dV
V
1
C 6 c 6  iap  c 6
dt
n
R6
C4

Co

dV o
dt



V
1
i ap  o
n
Ro

Substitute the corresponding values into these state
equations. The complete stat equations are obtained, as
given below.
di ap
dt

 915.26i ap  117096Vc1

117096Vc 4  33456Vc6

33456Vo  33456VD7  117096Vs
dVc1
 10 9 i ap  2 1011 Vc1
dt

(2)

dVc 4
 10 9 i ap  2 1011  Vc 4
dt

dVc 6
 2.86 108 iap  4.35 1010 Vc 6
dt
dVo
 571i ap  50  Vo
dt

Therefore, the closed-loop state space model of this
converter during this stage may be expressed as:

x  Ax  Bu
y  Cx

(3)
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dVc1
 10 9 i ap  2 1011  Vc1
dt
dVc 4
 10 9 i ap  2 1011  Vc 4
dt

Where

x  [i ap Vc1 Vc 4 Vc6 Vo ]T , u  [VD7 Vs ]T , y  Vo

dVc 6
 2.86 108  iap  4.35 1010  Vc 6
dt
dVc 7
 1.43 108  iap  25  Vc 7  25  Vc 8
dt
dVc8
 1.43 108  iap  25  Vc 7  25  Vc 8
dt
Vo  Vc7  Vc8

The eigenvalues of the system matrix A for the present
converter in this stage are given below:
s1  43499999780
s 2  1178.092  4222.65i
s3  1178.092  4222.65i
s 4  1.999  1011

(4)

(6)

s5  2.0  1011

Therefore, the converter is state asymptotically stable in
this stage. Its stability is irrelevant to the input signal VS
and the forward diode voltage VD7 because they only
influence the input distribution matrix and do not
influence the system matrix.

Therefore, the closed-loop state space model of this
converter during this stage can be expressed as:

x  Ax  Bu
(7)

y  Cx
where

B. Stability Analysis in Stage t1~t2
From the previous analysis of the working process of the
converter, it is seen that there are three sub-stages and
corresponding three equivalent circuits in this stage. The
stability of the converter can be analyzed in these three
sub-stages with their equivalent circuits, one by one.

T

The eigenvalues of the system matrix in this sub-stage are:
s1  1153.09  2187282.95i
s 2  1153.09  2187282.95i

(1) Sub-stage of Charge-discharge of C7 and C8
According to the equivalent circuit of the converter shown
in Fig.4, the corresponding state equations are given below:

Coiap
dVc8

dt
n  C 7  C 8  Co  C 8  Co  C 7 


s3  43499999780
s 4  1.999 1011
s5  2.0 10

di ap

1
1
  Req i ap  Vc1  Vc 4  Vc 6  Vc 7  V s
dt
n
n
dVc1
Vc1
C1
 i ap 
dt
R1
dVc 4
V
C4
 i ap  c 4
dt
R4
dVc 6 1
V
C6
 i ap  c 6
dt
n
R6
(C 8  Co)i ap
dVc 7

dt
n(C 7  C 8  Co  C 8  Co  C 7)
C 8(Vc 7  Vc8 )

Ro(C 7  C 8  Co  C 8  Co  C 7)
Leq

C 7 Vc 7  Vc8 

All eigenvalues have negative real parts. Hence, the
converter in this sub-stage is state asymptotically stable.
There is no abrupt change in state from stage 1 to stage 2.
The converter does not receive infinite noise.
(2) Sub-stage of Free Wheeling in Stage 2
According to the equivalent circuit of the converter in the
freewheeling stage, as shown in Fig.5, the corresponding
state equation for the converter during the present sub-stage
can be obtained as follows:

(5)

Substitute the corresponding component values into these
state equations, the final state equations for the converter
in this sub-stage can be obtained, as given below:

dt

 33456V6  33456Vc 7  117096V s

diap

1
1
  Req iap  Vc1  Vc 4  Vc 6  VD 8  VS
dt
n
n
dVC1
Vc1
C1
 iap 
dt
R1
Leq

Vo  Vc 7  Vc8

 915.26i ap  117096Vc1  117096Vc 4

(8)

11

s 6  50

Ro  C 7  C 8  Co  C 8  Co  C 7 

d iap

T

x  iap Vc1 Vc 4 Vc 6 Vc 7 Vc8  , u  VD 7 V5  , y  V0





C4

dVC 4
V
 iap  c 4
dt
R4

C6

dVC 6 1
V
 iap  c 6
dt
n
R6

Co

dVo
V
 o
dt
Ro

(9)

Substitute the corresponding component values into these
state equations. Then, the complete state equations for the
present converter in this sub-stage can be gotten as follows:
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diap
dt

 915.26  iap  117096  Vc1  117096  Vc 4
 33456 Vc 6  33456 VD 8  117096 VS

dVc1
 109 iap  2 1011  Vc1
dt
dVc 4
 109 iap  2 1011  Vc 4
dt
dVc 6
 2.86 10 2  i ap  4.35 1010  Vc 6
dt
dVc1
 50Vo
dt

(10)

Therefore, the closed-loop state space model of the present
converter during the considered sub-stage may be
expressed as:

Fig.13 is got by simulating the bidirectional converter with
triple phase-shift control when the input voltage changes
from 48V to 55V. There are 6 stages in one period at
present. By comparing Fig.13 with Fig.2, it is seen that
two stages disappear and the time duration of the other
stages becomes different when the input voltage changes.
But the output voltage will remain very close to 200V with
a small error, by adjusting the feedback resistance values
to 100kΩ/2.28kΩ, and the bidirectional converter is BIBO
stable. This result validates the eigenvalue method as
proposed in this paper, for establishing the stability of a
bidirectional converter with triple phase-shift control when
only the input voltage changes. If the converter is unstable,
however, a different topology should be considered [11],
[15], [18]. Fig.2 and Fig.13 are obtained through
simulation with PSIM.

x  Ax  Bu
y  Cx

(11)

where
T

T

x  iap  Vc1 Vc 4 Vc 6  Vo  , u  VD8  VS  , y  V0




The eigenvalues of the system matrix in this sub-stage are
given by:
s1  2306.18
s 2  1.999 1011
s3  43499999780
s 4  2.0  1011
s5  50

(12)

All eigenvalues have negative real parts. Hence, the
converter in this sub-stage is state asymptotically stable.
There is no abrupt change in the state variables between
these two sub-stages. Also, there is no infinite noise to the
converter.
The stability of the converter in the other stages can be
analyzed similarly. It can be established that the
bidirectional converter is asymptotically stable in every
stage. There are no state abrupt changes between stages or
sub-stages. This means there is no infinite noise into the
converter. Therefore, this converter is stable during the
entire working period.
VI. SIMULATION STUDIES AND DISCUSSION
Section V presented an effective method to establish the
stability of a bidirectional converter under triple phaseshift control, when the input voltage changes. The changes
of the three phase shifts due to a change in the input
voltage will only change the time duration of some
working stages. Hence, the general equivalent circuit and
the state equations in every stage will remain the same. If
the converter is stable in these stages, it will remain stable
when the time durations of the stages change. This can be
validated by computer simulation.
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Fig. 13: Simulation results of forward bidirectional converter with
triple phase-shift control when input voltage changes.

There is a limit to the application of the present method of
stability analysis. If the system parameters change, the
present method is not valid. Then, the converter is
approximately linear and time variant in every stage, and
the matrix A is a function of time. The eigenvalue method
cannot be applied.
VII. CONCLUSION
This paper presented a new method to theoretically
analyze the stability of a nonlinear bidirectional dual full
bridge DC-DC converter with triple phase-shift control.
First, the nonlinear converter was separated into several
linear stages in one period, and equivalent circuits and the
corresponding state equations were determined for each
stage. It was proved that the converter was stable in every
stage and there were no abrupt change of state between
two neighboring stages or sub-stages. This established that
the converter would remain stable during the transition
from one stage to the next. Then, it was shown that that
the converter would be stable in the entire period. The
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results were validated through computer simulation.
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