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Abstract：The traditional detailed model of the dual active 
bridge （DAB） power electronic transformer is characterized 
by the high dimensionality of its nodal admittance matrix 
and the need for a small simulation step size， which limits 
the speed of electromagnetic transient （EMT） simulations.  
To overcome these limitations， a novel EMT equivalent 
model based on a generalized branch⁃cutting method is pro⁃
posed to improve the simulation efficiency of the DAB 
model.  The DAB topology is first decomposed into two 
sub⁃networks through branch⁃cutting and node⁃tearing meth⁃
ods without the introduction of a one⁃time⁃step delay.  Sub⁃
sequently， the internal nodes of each sub⁃network are elimi⁃
nated through network simplification， and the equivalent cir⁃
cuit for the port cascade module is derived.  The model is 
then validated through simulations across various operating 
conditions.  The results demonstrate that the model avoids 
the loss of accuracy associated with one⁃time⁃step delay， 
the relative error across different conditions remains below 
1%， and the simulation acceleration ratios improve as the 
number of modules increases.
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In the context of the “ carbon peaking and carbon neu⁃
trality” targets， there has been a significant rise in the 

share of clean and renewable energy sources［1⁃3］， causing 
the power grid to increasingly exhibit “ power electron⁃
ics” characteristics.  As a key component of the power 
distribution system， the power electronic transformer 
（PET） has become a popular choice for integrating new 

energy sources into the grid and enabling voltage conver⁃
sion［4⁃6］.  The dual active bridge （DAB） is a common in⁃
termediate DC/DC unit in PET， and it features a strong 
capability to adaptively regulate both power magnitude 
and direction［7］.  The input⁃series⁃output⁃parallel （ISOP） 
topology is commonly used to meet the voltage and cur⁃
rent requirements of port devices［8］.  However， this struc⁃
ture significantly increases the number of power elec⁃
tronic components and expands the network size.  Conse⁃
quently， continuing to use the detailed model （DM） of 
the DAB has made it challenging to achieve fast and effi⁃
cient large⁃scale EMT simulations.

The high⁃frequency transformers in the DAB topol⁃
ogy， as represented by the DM， require a small simula⁃
tion step size， leading to slower simulation speeds.  This 
creates an urgent need for further research on simulation 
acceleration and circuit scale reduction.  An L/C equiva⁃
lent model （EM） of a power electronic switch has been 
proposed［9⁃10］， followed by the development of a nano⁃
second model for real⁃time simulation platforms.  While 
the use of a constant equivalent admittance matrix re⁃
duces computational overhead， the model is still based 
on the DM， which limits the simulation speed.  To im⁃
prove the simulation efficiency， Yi et al. ［11］ divided the 
complex topology into multiple subnetworks using 
inter⁃stage capacitive decoupling and applied the Theve⁃
nin equivalent method to reduce node dimensionality.  
However， the reliance on capacitors for decoupling lim⁃
its the general applicability of this model.  A dual⁃port 
decoupling EM for ISOP⁃type DAB converters， based 
on node admittance equation preprocessing， is proposed 
in Ref. ［12］ ； however， this method introduces a 
one⁃step delay.

To address the aforementioned issues， this paper pro⁃
poses a novel modeling approach for EMT simulations 
based on the generalized branch⁃cutting method.  Unlike 
Ref.［12］， which introduces a one⁃step delay by model⁃
ing the high⁃frequency transformer as two companion 
circuits， the proposed approach eliminates delays by 
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first decomposing the DAB topology into two 
sub⁃networks at the high⁃frequency transformer using 
node⁃tearing and branch⁃cutting methods.  The entire cir⁃
cuit is then simplified into a port node based on the 
multi⁃area Thevenin equivalent principle， as described 
in Ref.［13］.  This is accomplished through a network 
simplification method.  Additionally， the equivalent cir⁃
cuit of the port cascade module is derived by accounting 
for the four series⁃parallel combination modes， reduc⁃
ing the circuit to just four nodes.  Finally， the results 
demonstrate that the proposed method achieves high ac⁃
curacy and efficiency across various operating condi⁃
tions.
1　DAB Module

1. 1　Equivalent modeling of transformer

The model of a single⁃phase dual⁃winding transformer 
in PSCAD， illustrated in Fig. 1（a）， represents the 
high⁃frequency transformer in a DAB converter.  The 
T⁃type equivalent circuit for a transformer with a turns ra⁃
tio of N∶1 is illustrated in Fig. 1（b）.

According to Kirchhoff’s current law and Kirchhoff’s 
voltage law， the equations for the port voltages and cur⁃
rents in the circuit illustrated in Fig. 1（b） are expressed 
in matrix form.
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where u1 and u2 are voltages， and i1 and i2 are the cur⁃
rents of the primary and secondary port， respectively； 
L11 = L1 + Lm and L22 = L2 + Lm/N2 are self⁃admittances， 
while M12 = M21 = Lm/N are mutual admittances.  Here， 
L1 and L2 are leakage inductances， and Lm is the excita⁃
tion inductance.

Eq.（1） is discretized using the trapezoidal integration 

method and transformed as follows：
ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

(Y11 + Y12 )u1 ( t + Δt ) + (-Y12 ) [ u1 ( t + Δt ) -
      u2 ( t + Δt ) ] = i1 ( t + Δt ) + i1his ( t + Δt )

(Y21 + Y22 )u2 ( t + Δt ) + (-Y12 ) [ u2 ( t + Δt ) -
      u1 ( t + Δt ) ] = i2 ( t + Δt ) + i2his ( t + Δt )

（2）

where Y11 and Y22 are the self⁃admittances， and Y12 and 
Y21 are mutual admittances； i1his and i2his are the historical 
current sources， while t + Δt represents the next time 
step.  Their calculation formulas are as follows：
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As illustrated in Fig. 2， the π⁃type equivalent circuit 

of the transformer derived from Eq.（2） reduces the num⁃
ber of nodes by one compared with the DM circuit.

1. 2　DAB module topology

The topology of a single DAB module is illustrated in 
Fig. 3.  It consists of two H⁃bridge circuits， two capaci⁃
tors， and a high⁃frequency transformer.  The switches in 
the symmetric positions of the H⁃bridge are part of the 
same switch group， which includes the IGBT and the 
anti⁃parallel diode.  In Fig. 4， the switch group is repre⁃
sented using the Ron/Roff model.

Fig. 1　Transformer.  （a） PSCAD model； （b） T⁃type equiva⁃
lent circuit

Fig. 2　π⁃type equivalent circuit

Fig. 3　Single DAB module topology

Fig. 4　DAB module topology
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2　Network Division and Simplification of DAB 
Module

As illustrated in Fig. 4， a DAB module contains seven 
nodes， leading to a larger node admittance matrix and 
slower simulation speeds.  To address this issue， the gen⁃
eralized branch⁃cutting method and the node⁃tearing 
method are employed to decouple the DAB module at the 
high⁃frequency transformer， effectively dividing the en⁃
tire network into two subnetworks.
2. 1　Network division of DAB module

When a branch is cut， the network can be expressed as 
Eq.（5）.  After the branch is removed， the network is di⁃
vided into N subnetworks.
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where iline is the current column vector of the cutting 
branch； yline is the admittance of the cutting branch； Ydj = 
diag（Ydj1，Ydj2， … ，YdjN）， is the node admittance matrix 
composed of each sub⁃network after removing the cut 
branch； M is the associate matrix corresponding to the 
node and the cut branch； and U and I represent the net⁃
work node voltages and node injection currents， respec⁃
tively.

The original network can be decomposed into several 
small⁃scale independent sub⁃networks by selecting public 
nodes for tearing.  The torn nodes are arranged at the 

end， and the remaining nodes of each sub⁃network are 
grouped.  The network can then be expressed in block⁃di⁃
agonal form.
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where Ytt， Yij are the self⁃admittances of the tearing 
nodes and other nodes， respectively； Yit， Yti are the mu⁃
tual admittances； and Ut， It are the voltages and currents 
of the tearing nodes.

Given that the EM of the transformer has a common 
connection branch and node for both the primary and sec⁃
ondary sides， the DAB module is decomposed into two 
sub⁃networks by tearing node 6 and cutting the branch be⁃
tween nodes 5 and 7.
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where N = 2 indicates that the DAB module is divided 
into two subnetworks， t = 6 signifies that node 6 is torn， 
and “ line” is the branch between nodes 5 and 7.  The ele⁃
ment values are shown below.
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The DAB module after network division is illustrated 
in Fig. 5.

As demonstrated in the preceding section， four nodes 
remain in one sub⁃network after the network division.  
Considering node 6， along with the cutting branch nodes 
5 and 7， as point set I， and the remaining nodes as point 
set T， the node voltage equations of the sub⁃networks are 
given by
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where subscripts T and I represent the two sets of nodes； 

Fig. 5　Topology after network division
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A， B， C， and D are admittance matrices whose values 
vary depending on the switch admittance， with each ma⁃
trix having two different forms.  Since the element types 
are not unique， K， N， and J are used to represent only 
the computational matrices.  It is essential to precalculate 
these admittance matrices and store the results to ensure 
simulation efficiency.

The coordination variable NT can be solved by Eq.  
（14）， and then NI can be determined inversely.  The de⁃
tails of the matrices are provided below.
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2. 2　Equivalent simplified circuit of cascaded DABs

Analyzing the solution process reveals that the injected 
current of the external network must be known to solve 
the coordination variables.  Therefore， this section 
adopts a simplified subsystem approach to solve the equa⁃
tions along with the external network， enabling the deter⁃
mination of the injected currents at the gateway.  The ma⁃
trix form of the node voltage equations for the left 
sub⁃network is shown below［14］.
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where the details of the matrices are as follows：
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where UE， IE， and IE_his are the voltages， currents， and 
historical current sources of port nodes， respectively； 
UI， II_his are the voltages and historical current sources of 
the internal nodes， respectively.

According to Eq.（16）， the left subnetwork can be sim⁃
plified to a two⁃node Thevenin equivalent circuit， with 
the same principle applied to the right subnetwork［15］.  
Considering the characteristics of Thevenin and Norton 
circuits， an ISOP⁃type DAB with N modules is illustrated 
in Fig. 6.  The left subnetwork is modeled using its Theve⁃
nin equivalent， while the right sub⁃network is modeled us⁃
ing its Norton equivalent.  The port nodes are connected to 
the external input and external load， respectively.  The 
equivalent parameters for this topology， along with those 
for the other three topologies， are shown below.
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Fig. 6　ISOP⁃type DABs.  （a） Before superposition； （b） After 
superposition
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where Us_his is the equivalent voltage source； Ip_his is the 
equivalent current source； Rseq is the equivalent resis⁃
tance； Ypeq is the equivalent admittance； Ui， Ii， Ri， and 
Yi represent the equivalent voltage source， current 
source， resistance， admittance for a single DAB module 
respectively.
2. 3　Solution process

The algorithm flow is as follows： （1） Identify the cut⁃
ting branch and tearing node.  （2） Pre⁃calculate the ad⁃
mittance matrix and store it.  （3） Initialize the historical 
current source.  （4） Perform Thevenin or Norton equiva⁃
lence for the subsystems based on their connection to the 
external circuit and obtain the equivalent parameters.  
（5） Solve jointly with the external circuit to determine 
the port injection current.  （6） Solve for the coordination 
variables NT.  （7） Inversely solve for NI within each sub⁃
system based on the coordination variables NT.  （8） Up⁃
date the historical current source.  （9） Repeat steps 4⁃8 
until the simulation is complete.
3　Case Study

This section outlines the implementation of the EM on 
the Matlab R2021b/Simulink platform and compares it 
with the DM to verify the simulation accuracy and effi⁃
ciency of the EM.  Additionally， a model based on 
one⁃time⁃step delay （OTD） decoupling is constructed to 
demonstrate that the EM offers higher modeling accu⁃
racy.  The system topology used is an ISOP configuration 
with 3 DAB modules.  The high⁃voltage side is repre⁃
sented as a DC voltage source， and the load is modeled 
as a resistor， as illustrated in Fig. 7.  The system param⁃
eters are as follows： the simulation time⁃step is 1 µs， the 
input DC voltage is 10 kV， DC capacitors are 100 µF， 
the switching frequency and transformer frequency are 10 
kHz， the load resistor is 20 Ω， and the phase⁃shift con⁃
trol angle is 20°.

3. 1　Open‑loop verification

3. 1. 1　Simulation verification under steady⁃state 
operating conditions

The high⁃frequency transformer， serving as the power 
transmission channel for the H⁃bridge on both sides of 
the DAB module， plays a critical role in ensuring stable 
operation.  The high⁃frequency square wave voltage out⁃
put by the H⁃bridge on both sides of the transformer has 
a significant effect on the power transmission of the 
DAB module.  Consequently， it is essential to verify 
both the amplitude and frequency of these high⁃fre⁃
quency square waves.  To preliminarily assess the simula⁃
tion accuracy of the EM， the output voltage and input 
current are evaluated.  The simulation results are illus⁃
trated in Fig. 8.

As illustrated in Fig. 8， the high⁃frequency square 
waves of the two models closely overlap， indicating that 
the internal power transmission of the DAB module is 
functioning as expected.  The maximum relative error 
（RE） and absolute error （AE） of the EM for Uo are 4. 7 V 
and 0. 18%， respectively.  These results preliminarily con⁃
firm that the simulation accuracy of the EM is very high.Fig. 7　Topology of the test circuit

Fig. 8　 Results for steady⁃state conditions.  （a） DC voltage； 
（b） Input current； （c） Primary side voltage； （d） Secondary 
side voltage
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3. 1. 2　Simulation verification under load fluctua⁃
tions

The following operating conditions were established to 
test the simulation accuracy under load fluctuations.  The 
system operates stably for 0. 5 s with an equivalent resis⁃
tance of 20 Ω.  At 1 s， the load is adjusted， reducing the 
equivalent resistance to 5 Ω.  By 1. 5 s， part of the load 
is removed， increasing the equivalent resistance to 15 Ω.

As illustrated in Fig. 9， the model proposed in this pa⁃
per exhibits high simulation accuracy under load fluctua⁃
tions.  The maximum RE of the EM is no more than 
0. 2%， while the maximum AE is no more than 4. 7 V.

3. 1. 3　Simulation verification under fault condi⁃
tions

To verify the simulation accuracy of the EM under dif⁃
ferent fault conditions， the following settings are applied 
to the system over various time intervals： （1） From 0 to 
0. 5 s， the system starts up and operates normally； （2） at 
0. 5 s， a double⁃pole short circuit fault occurs on the 
low⁃voltage DC side of the system and lasts for 3 ms； 
（3） at 1 s， a ground fault occurs on one of the DC lines 
on the output side of the DAB module and is cleared after 
3 ms.  The DC voltage of the EM and the DM is simu⁃
lated and compared during each period.  The simulation 
results are presented in Fig. 10.

As illustrated in Fig. 10， the DC voltage decreases dur⁃
ing the double⁃pole short circuit fault.  After the fault is 
cleared， the voltage increases and returns to steady⁃state 
operation within approximately 6 ms.  The discrepancy 
between the two simulation waveforms is minimal， with 
the maximum error reaching approximately 0. 5% at the 
moment of the fault.  During the DC line ground fault， 
the DC bus voltage experiences a significant decline.  Fol⁃
lowing fault recovery， the system returns to steady⁃state 
operation within approximately 15 ms.  The maximum er⁃
ror between the simulation waveforms of the two models 
occurs at the moment of the fault， reaching approxi⁃
mately 1%.

The verification results in this section indicate that the 
EM and DM exhibit minimal errors across different peri⁃
ods， with the EM showing smaller errors compared with 
the OTD model.  This demonstrates that the EM pro⁃
posed in this paper maintains high accuracy during tran⁃
sient situations and effectively avoids the loss of preci⁃
sion associated with an OTD.
3. 2　Verification of simulation efficiency

To verify the simulation efficiency of the EM proposed 
in this study， the DM and the EM with 3， 10， 20， and 

Fig. 10　Results under fault conditions.  （a） DC voltage； （b） 
Error； （c） Stage 1； （d） Stage 2

Fig. 9　 Results for different loads.  （a） DC voltage； （b） Er⁃
ror； （c） Stage 1； （d） Stage 2
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50 DAB units are implemented on the simulation plat⁃
form.  The simulation time for each model is tested under 
different time steps， with the total simulation duration set 
of 1 s.  The results are illustrated in Fig. 11.

As illustrated in Fig. 11， the EM significantly reduces 
the simulation time.  Furthermore， as the number of 
DAB modules increases， the simulation time for the DM 
rises rapidly， while the EM exhibits a more gradual in⁃
crease.  Consequently， the simulation acceleration ratio 
increases significantly with the EM.
3. 3　Accuracy verification of real‑time simulation

To further verify the accuracy of the EM， a circuit 
topology with the same parameters as the offline simu⁃
lation is constructed on the RT⁃LAB.  The experimental 
platform is illustrated in Fig. 12.  The parameters for 
the real⁃time simulation are as follows： simulation 
time step is 1 µs； input DC voltage is 1 kV； input 
power resistor is 0. 5 Ω； DC capacitors are 100 µF； 
primary side inductance is 30 µH； and load resistor is 
10 Ω .

The experimental results for the voltage and current on 
the primary and secondary ports of the transformer are il⁃
lustrated in Fig. 13（a）.  Fig. 13（b） illustrates the out⁃
comes of the offline simulation of the EM.  The 
high⁃frequency voltage on the low⁃voltage side is main⁃
tained at 800 V， with a consistent phase difference in the 
voltage square wave.  The similarity between the experi⁃
mental waveforms and simulation results demonstrates 
the accuracy of the EM.

4　Conclusions

（1） This study proposes an efficient EMT simulation 
model for DAB converter based on the generalized 
branch⁃cutting method.  The model enables decoupling 
without introducing an OTD.
（2） The system is simplified to only four port nodes， 

reducing the dimensionality of the admittance matrix.
（3） The experimental results demonstrate that the RE 

between the simulation results of the EM and the DM 
does not exceed 1% under various operating conditions 
while also significantly improving simulation efficiency.
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基于广义支路切割法的双有源桥电磁暂态等效模型
吴志 1， 陈帅先 1， 许明旺 1， 曹阳 1， 顾伟 1， 柳伟 2， 袁晓冬 3， 韩华春 3

（1.东南大学电气工程学院， 南京 210096； 2.南京理工大学自动化学院， 南京 210094；

3.国网江苏省电力有限公司电力科学研究院， 南京 211103）
摘要： 双有源桥电力电子变压器的传统详细模型具有节点导纳矩阵维数高、仿真步长小的特点，限制了电磁

暂态仿真速度。针对这一问题，提出了一种基于广义支路切割法的新型电磁暂态等效模型，旨在提高双有

源桥模型的仿真效率。首先，在不引入一步延迟的情况下，通过支路切割法和节点撕裂法将双有源桥拓扑

初步分解成为 2 个子网络；然后，通过网络化简消除每个子网络的内部节点，并推导出端口级联模块的等效

电路；最后，在多个工况下对模型进行仿真验证。结果表明，该模型避免了因一步延迟引入而导致的建模精

度损失；不同工作条件下的相对误差保持在1%以下；且随着模块数目的增加，仿真加速比明显提高。

关键词：电磁暂态仿真；双有源桥；节点撕裂法；支路切割法；网络化简
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