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Abstract—This paper presents a lossless power flow 
model and an improved power flow model of the Partial 
Parallel Dual Active Bridge (P2DAB) dc-dc converter with 
single-phase-shift modulation (SPSM). The improved model 
considers the dead time and the parasitic elements. A GaN 
based P2DAB converter prototype is built to verify the 
models. The lossless model is more accurate than the other at 
small phase shift region, while the improved one is more 
accurate at medium and large phase shift region. The cause 
of the errors are discussed, and the solution to improve the 
accuracy is provided. Moreover, the improved model 
provides more details about the power flow characteristics 
than the lossless model.   

Keywords—power flow model, dual active bridge 
converter, GaN 

I. INTRODUCTION 

Bidirectional converters, which can interface energy 
storage system (ESS) to power conversion systems, have 
gained increasing attention [1]-[3]. Due to its small 
number of components, symmetrical structure, isolation 
capability and soft switching properties, the dual active 
bridge (DAB) converter has become a popular topology [4] 
- [6]. 

In [7], a Partial Parallel Dual Active Bridge (P2DAB) 
converter, whose topology is shown in Fig. 1, is proposed. 
The basic idea of the structure is connecting the circuit 
parts, which need to carry high current, in parallel and 
connecting the circuit parts, which need to block high 
voltage, in series. The ac current balancing between the 
paralleled full-bridges (FBs) are inherently ensured by the 
winding series connection on the high-voltage (HV) side 
(V1 side in Fig. 1). The basic control strategy of the 
P2DAB converter is single-phase-shift modulation 
(SPSM), i.e. add phase shift between the FB on the HV 
side (HVFB) and the FBs on the LV side (LVFB).  In [7], 
in addition to the phase shift between the HVFB and the 
LVFBs, a phase shift is added between the LVFBs to 
increase the efficiency at the low power ranges. Power 
flow equations of the P2DAB converter are derived in [7]. 
However, these equations are ideal, neither losses nor 
dead time were considered. In [8], a lossless power flow 
model with consideration of dead time is derived for the 
DAB converter with SPSM. The effect of dead time on 
the power flow is addressed. In [9], a power flow model 
with consideration of both of the losses and the dead time 
is derived for the DAB converter with SPSM. And the 
power plateau and the anti-power phenomenon are 
discussed. These two phenomenon is addressed to have 
influences on the power flow control of the DAB 
converter with SPSM. Since the P2DAB converter is a 
DAB-based converter, it is thereby worthy to derive an 
improved power flow model for it with consideration of  

Fig. 1: Topology of the P2DAB converter 
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Fig. 2: Typical waveforms of the P2DAB converter with SPSM in 

lossless model, V1→V2, V1>2NV2 

the losses and the dead time. With the improved model, 
the accurate prediction of the transferred power and the 
deep investigation of power flow characteristics of the 
P2DAB converter can be expected. 

The paper is organized as follows: After this 
introduction, the modeling of the power flow of the 
P2DAB converter with SPSM is given in Section II. In 
Section III, both models are compared with the 
simulations. In Section IV, both models are compared 
with the experiments on a P2DAB converter prototype. 
Conclusions are made in Section V. 

II. MODELLING OF THE P2DAB CONVERTER  

A. Lossless Power Flow Model of the P2DAB Converter 

In the lossless model, the following assumptions are 
made: 



 The power semiconductor switches are ideal. 

 Both transformers are ideal. 

 Dead time is zero. 

Typical waveforms of the P2DAB converter with 
SPSM under V1→V2 and V1>2NV2 are shown in Fig. 2. 
V1→V2 denotes the operation where power flows from V1 
to V2, and V2→V1 vice versa. β represents the electrical 
angle by which G1 & G4 (G2 & G3) leading G5 & G8 (G6 
& G7), and β is also the phase difference between vac1 and 
vac2_1 (or vac2_2) since the dead time is ignored in the 
lossless model. In [4], the lossless power flow model for 
the DAB converter with SPSM was derived. Using the 
same deriving procedures in [4], the lossless power flow 
model of the P2DAB converter with SPSM can be 
expressed by (1), where Pin is the averaged power 
sourcing from V1, Po is the averaged power sinking into V2, 
fs is the switching frequency, and Le denotes the 
inductance of Le1 or Le2. d is the unified phase shift angle, 
whose expression is given in (2). 
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B. Improved Power Flow Model of the P2DAB Converter 

Compared to the lossless model, the following circuit 
elements are considered in the improved model: 

 The on-state resistances (RonH, RonL) and the free-
wheeling voltage drops (VdH, VdL) of the switches. 

 The leakage inductances (Ltrp, Ltrs) and the winding 
resistances (Rtrp, Rtrs) of the transformers. 

 The winding resistances (Re) of the external 
inductors. 

 The dead time Td. 

Fig. 3 shows the derivation of the equivalent circuit of 
the P2DAB converter. In Fig. 3(a), the three FBs are firstly 
simplified to be three ac voltage sources, which are the 
voltages across the switching nodes of the three FBs, 
respectively. In Fig. 3(b), all the circuit elements on the 
LV side of the transformer are referred to the HV side. In 
Fig. 3(c), all the circuit elements in series are combined to 
further simplify the equivalent circuit. vac2_1 and vac2_2 are 
assumed to be the same, thereby both of them are 
represented by vac2. The expressions of Lac and Rac are 
given in (3). 
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Fig. 3(a): Simplify the full-bridges     Fig. 3 (b): Remove the transformer 
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Fig. 5: Waveforms of vac1, vac2 and iL at different operation modes 
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For a P2DAB converter with multiple transformers, 
where the number of branches is m, the equivalent circuit 
can be directly drawn as in Fig. 4. The expressions of Lacm 
and Racm are given in (4). The model can also be applied 
to a DAB converter with SPSM by equaling m to 1. 

( ) ( )2 2 2 2,= + + = + +acm trp trs e acm trp trs eL m L N L N L R m R N R N R (4) 

After deriving the equivalent circuit, the possible 
circuit operation modes need to be specified. The modes 
addressed in this paper for the P2DAB converter are the 
same as those determined in [8]. However, due to the 
consideration of the parasitic elements, the shape of the 
waveforms of vac1, 2Nvac2 and iL changes. Especially with 
the use of GaN devices, whose free-wheeling voltage drop 
is much larger than Silicon devices. Therefore, the 
waveforms of vac1, 2Nvac2 and iL at different operation 
modes need modifications. The modified waveforms for 
V1→V2 are given in Fig. 5. The operation conditions for 
Mode a ~ Mode i in Fig. 5 are summarized in Table I. The 
waveforms for V2→V1 are of the same pattern as in Fig. 5, 
therefore are not given in this paper. 

TABLE I: OPERATION CONDITIONS FOR DIFFERENT MODES 
Mode Operation Conditions 

a V1>2NV2, iL changes direction after the dead time of the LVFB 

b V1>2NV2, iL changes direction during the dead time of the LVFB 

c V1>2NV2, iL changes direction before the dead time of the LVFB 

d V1<2NV2, iL changes direction before the dead time of the HVFB 

e V1<2NV2, iL changes direction during the dead time of the HVFB 

f V1<2NV2, iL changes direction after the dead time of the HVFB 

g V1≈2NV2, iL decreases to zero during the dead time of the HVFB 

h V1≈2NV2, iL decreases to zero at the end of the dead time of the HVFB 

i V1≈2NV2, iL decreases to zero after the dead time of the HVFB 

With the waveforms and the equivalent circuit, the 
improved power flow model of the P2DAB converter can 
be derived. Power flow equations of the P2DAB converter 
with SPSM in all of the 9 modes under both of the two 
power flow directions are given in the appendix. 

III. SIMULATIONS 

Fig. 6 depicts both the calculated power of the P2DAB 
converter by the lossless model and the simulated ones by 
Matlab with PLECS Blockset. Parameters used in the 
calculations and the simulations are given in Table II. As 
shown, the calculations and simulations are well matched. 
The derived lossless model is thereby valid.  

TABLE II: PARAMETERS USED IN THE CALCULATIONS AND THE 

SIMULATIONS TO VERIFY THE LOSSLESS MODEL 
V1 600V V2 60V N 4 fs 300kHz 
Le 500nH VdH 3.8V VdL 2.5V RonH 65 mΩ 
RonL 3 mΩ Re 3 mΩ Rtrp 1.8Ω Rtrs 80 mΩ 
Llkp 2.5uH Llks 110nH Td 120ns   Fig. 3 (c): Combine all the circuit 

elements in series 
Fig. 4: Equivalent circuit of a 

P2DAB converter with multiple 
transformers 
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Fig. 6: Calculated power flow characteristics of the P2DAB converter by 

the lossless model and the corresponded simulations 
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Fig. 7 gives both the calculated power of the 
P2DAB converter by the improved model and the 
simulated ones by Matlab with PLECS Blockset. The 
calculated power flow characteristics by the lossless 
model are also given in Fig. 7 for comparison. 
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Fig. 7: Calculated power flow characteristics of the P2DAB converter by 
the improved model and the corresponded simulations 

The absolute value of d in both calculations and 
simulations is limited to 0.35 because the phase shift 
angle is usually limited to small values (below π/4) to 
suppress the reactive losses in high-power applications. 
And a limited maximum d also helps reduce the 
simulation time. 

As shown in Fig. 7, the calculated power by the 
improved model match the simulations well for all 
modes at both power flow directions. Therefore the 
improved power flow model is valid. Regarding the 
power flow characteristics, the improved model 
provides more details about the power flow than the 
lossless model. For this reason, the improved model is 
more suitable for investigating the power flow 
characteristics of the P2DAB converter.  



IV. EXPERIMENTS 

A GaN P2DAB prototype is built to investigate the 
accuracy of the two models. Key components used in the 
prototype are given in Table III. Fig. 9 shows a picture of 
the prototype. Fig. 10 compares the calculated Pin and Po 
by both of the two models with the experimental results 
(V1=180V, V2=15V, Le=500nH, N=4). As shown, both 
models have errors. The lossless model is more accurate 
at small d region, while the improved one is more 
accurate at medium and large d region. Moreover, the 
calculated power flow characteristics by the improved 
model shifted to the left down side of the tested power 
flow characteristics. The cause of this shift is the output 
capacitance of the switches. In the improved model, this 
capacitance is ignored, the rate of change of the switching 
node voltage during switching is considered to be infinite. 
However, as shown in Fig. 11, the experimental switching 
node voltage changes slowly during switching due to the 
output capacitance and the low-power operation. 
Therefore, the improved model shows low accuracy at the 
low power range. In order to obtain a high accuracy over 
the entire power range, the influence of the output 
capacitance of the switches need to be considered. 

Also from Fig. 10, at specific d ranges, the tested 
averaged power decreases or nearly keeps unchanged 
when d increases. This so-called power plateau 
phenomenon addressed in [9] also exists in the P2DAB 
converter with SPSM, and it is only predicted by the 
improved model as shown in Fig. 7(a) and Fig. 7(d).   

TABLE III: KEY COMPONENTS LIST 
HV side GaN HEMT GS66516B 
LV side GaN HEMT EPC2021 

Transformer ELP64/10/50, N97, PCB winding 
Inductor ELP43/10/28, N97, PCB winding 

 

 
Fig. 9: P2DAB prototype 

d

A
ve

ra
ge

d
 P

ow
er

(W)

Calculated Pin, Po by the lossless model

Calculated Pin by the improved model

Tested: Pin

Tested: Po

Calculated Po by the improved model

 
Fig. 10: Calculated and tested Pin and Po 

 
Fig. 11: Measured key waveforms of the prototype 

IV. CONCLUSIONS AND FUTURE WORK 

A lossless power flow model and an improved power 
flow model for the P2DAB converter with single-phase-
shift modulation are derived. The improved model 
considers the dead time and the conduction losses of the 
switches and the magnetic components. Both models are 
compared with the experimental results. The lossless 
model is more accurate at small phase shift region, while 
the improved one is more accurate at medium and large 
phase shift region. In order to achieve high accuracy over 
the entire phase shift range, the output capacitance of the 
switches should be considered in the future work. And it 
is also proved that the improved model provides more 
details about the power flow characteristics of the P2DAB 
converter.  
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APPENDIX 

The following are the power flow equations of the 
improved model for the P2DAB converter with SPSM. 
Since the equations of current integrations are of the same 
form for all of the operation conditions, they are only 
given once as in (3). 
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(4) V1→V2, Mode b: 
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(5) V1→V2, Mode c: 
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(6) V1→V2, Mode d: 
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(7) V1→V2, Mode e: 
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(9) V1→V2, Mode g: 
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(10) V1→V2, Mode h: 
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(11) V1→V2, Mode i: 
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(12) V2→V1, Mode a: 
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(13) V2→V1, Mode b: 
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(15) V2→V1, Mode d: 
( )

( )
( )

2 1 0

1 1 2 3 4 5

2 1 2 3 4 5

1 2 3 5 4

4
4

: 2 2 0

2

2 2

1
, , ,

2 2 2

1

d s L Nd

in s Pd Pd Pd Pd Pd

o s Pd Pd Pd Pd Pd

nd d nd d nd d nd d Nd
s s s

nd
Nd

Condition NV V d T f i t

P V f Int Int Int Int Int

P V Nf Int Int Int Int Int

d d
t T t T t T t T t

f f f

t
J

< ∧ − > ∧ ≥

= − − − + + +

= − ⋅ − + + + +
− −Δ = Δ = − Δ = Δ = − − − Δ


Δ = −


( ) ( ) ( )

( )

1 1 2 2 3 3 5

1 1 2 2 3 3 2 2 3 31 1

2 2 3 3

1

2 2
4 5

4 5 1

2 3

ln
1

1 1

Nd Nd Nd Nd Nd Nd Nd d
s s

Nd Nd Nd Nd Nd Nd Nd Nd Nd NdNd Nd

Nd Nd Nd Nd Nd

d
J t J t J t J T

f f
Nd Nd
J t J t J t J t J tJ t

Nd Nd Nd

J t J t J
Nd Nd

M M e

M M e M e e

M e e M e

  −
 − Δ + Δ + Δ + − −     

− Δ + Δ + Δ − Δ + Δ− Δ

− Δ − Δ −

 +⋅
+ − −

− − − −( )

( )

3 3

2 2 2

1 2 3 4

2
2 1 1 2

5 1 2 2

3

2 2 4 4 2 4
, , ,

2 22 4 2
, ,

2 2 4

2

Ndt

ac onH ac onH onL ac onL ac onH onL
nd nd nd nd

ac ac ac ac

dLac onH onL
nd nd nd

ac ac onH ac onH onL

nd

R R R R N R R N R R R N R
J J J J

L L L L

N V V VR R N R V NV
J M M

L R R R R N R

M

Δ

 
 
 
 
 
 
 
 

+ + + + + += = = =

− + ++ + += = =
+ + +

= ( )2 1 2 1 2 1
4 52 2 2

2 2 2
, ,

4 2 4 2 4
dH

nd nd
ac onL ac onH onL ac onH onL

NV V V NV V NV V
M M

R N R R R N R R R N R


























− + − − = = + + + + +

(16) V2→V1, Mode e: 
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(17) V2→V1, Mode f: 
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(18) V2→V1, Mode g: 
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(19) V2→V1, Mode h: 
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(20) V2→V1, Mode i: 
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