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Abstract—Electromagnetic transient (EMT) modeling for the 

modularized solid-state transformer (MSST) faces critical 

difficulties because the dynamics of the complex-structured 

submodules, which contain dual active bridges (DAB) and 

multiple active bridges (MAB), are hard to be described in 

analytical formulas. Existing models have problems of a narrow 

dynamic frequency band, insufficient simulation accuracy, or are 

unable to operate under fast transients. This paper proposes a 

parallel simulation framework for MSST that preserves the 

original model’s broadband characteristics and remarkably 

improves the simulation efficiency. The main novelty towards 

previous work is the detailed modeling of the multi-winding 

transformer, the decoupled modeling of the submodules, and the 

parallel design of simulation processes. Finally, the proposed 

framework is verified through the accuracy and efficiency analysis 

carried out in PSCAD/EMTDC. The simulation results verify that 

the proposed framework has excellent accuracy and time 

efficiency. 

 
Index Terms—Electromagnetic transient modeling, 

modularized solid-state transformer (MSST), multiple active 

bridge (MAB), decoupled modeling, parallel simulation 

framework  

I.  INTRODUCTION 

OLID-state transformer (SST), also called as power 

electronic transformer (PET), can interconnect systems 

with different voltage levels and achieve multi-directional 

power flow control [1]-[4]. Due to the modular design, the 

modularized SST (MSST) can be used in high voltage and high 

power applications [5], [6]. MSST would be effective 

equipment to link the transmission system and distribution 

network [7]-[9].  

The multiple active bridge (MAB)-based MSST has higher 

power density, less transformers and submodules, and higher 

flexibility than the dual active bridge (DAB)-based MSST. 

Intensive studies of the topology and control sheme of MAB-

based MSST have been made in recent years [10]. Fig. 1(a) 

illustrates a cascaded H-bridge MAB MSST (CHB-MAB-

MSST) whose technology readiness has been validated by the 
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successful installation in Hebei Province, China [11].  

The submodule of this novel MSST integrates the three-

phase input ports to a multi-winding transformer. Consequently, 

the number of submodule is significantly reduced, and the H-

bridges [DC-AC in Fig. 1(b)] in the three phases can use the 

same triggering signals to simplify the control scheme.  

 
(a) 

 
(b) 

Fig. 1.  Configuration of the CHB-MAB-MSST: (a) topology; (b) submodule 
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structure. 

However, the complex structure and control priciples make 

it difficult to analyze the dynamic behaviors of PETs: 

1) Difficult to obtain an accurate analytical expression of 

MSST. The submodule of the MSST contains a large 

number of non-linear power electronic switches (IGBTs 

and diodes), capacitors, inductors, and AC transformers, 

which will generate a large-scale state equation  [12], [13]. 

It is difficult to obtain an accurate analytical expression in 

the wide frequency band. 

2) Complex structure results in a slow simulation speed. 

Another way to analyze the dynamics in the wide 

frequency band is to carry out electromagnetic transient 

(EMT) simulations [14], [15]. However, the node 

admittance matrix of MSST is very large. Time-domain 

simulations using detailed models will be very time-

consuming. A simulation  of several seconds would take 

hours, even days, which is not suitable for practical use. 

3) High operation frequency requires a small simulation 

time-step. The simulation speed is limited by the 

frequency of the AC transformer in submodules. To realize 

DC-DC conversion, the DC voltage is transformed into 

high-frequency square waves by the high-frequency AC 

transformer [16]. The carrier wave frequency is 1-20 kHz, 

requiring a small simulation time-step of 1.25 to 25 μs 

(assuming 40 samplings per cycle). For numerical stability 

and accuracy, the time-step should be minor. This will 

increase the computation burden. 

To address the above challenges, different modeling 

methods have been proposed:  

1) Average value models 

References [17]-[20] propose average value models (AVM) 

for MSST. These models greatly simplify the circuit, and ignore 

the high-frequency switching actions and capacitor ripples. 

Therefore, it is easy to obtain MSST’s analytical expression in 

time-domain. AVMs are sufficient in system-level simulations 

wherein detailed dynamics of devices are not to be concerned. 

The AVMs will be inaccurate when the operation state or 

external environment changes and cannot be used for fault 

analysis.  

2) High-accuracy and high-speed equivalent models  

Without relying on the analytical solution of the MSST, 

references [23]-[27] propose the high-accuracy and high-speed 

equivalent model (HEM) for MSSTs. This model is based on 

the work from Kai Strunz [28], where the Ward equivalent 

eliminates the nodes inside the circuit. Taking the advantage of 

the linearization characteristics inherent in EMT simulation, the 

circuit is dynamically simplified as time-varying Norton 

equivalents in each time-step. Since the HEM only produces 

minor interpolation errors when generating the associated 

discrete circuits (ADC) [29], they are as accurate as the detailed 

model (DM). Compared to AVM, HEM is slower but much 

more accurate and can be applied in both steady-state 

operations and fault conditions.  

Considering the accuracy and acceleration capability, HEM 

is a potential scheme to solve the modeling problems of MSST. 

However, existing HEMs still have some shortcomings. In [23], 

the submodule is decoupled at transformer windings. The 

winding voltages are replaced with the history voltage value of 

the last step. However, the winding voltages are square waves. 

Therefore, the replacement will produce errors when voltage 

jumps, which will cause numerical instability and loss of 

accuracy. In [24], the submodule is modeled as a whole without 

decoupling. The final equivalent circuit is still complex, and the 

simulation burden is still heavy. Moreover, implementing HEM 

into MSST is still challenging because the programming is 

sophisticated and lacks a general framework. 

To address the issues, this paper follows the principle of 

HEM and proposes a novel decoupled EMT modeling approach 

for parallel simulation of modularized SSTs. The proposed 

approach is verified through the engineering project in Hebei 

Province, China. The highlights of this paper include: 

1) Detailed modeling of the multi-winding transformer. 

This paper gives a detailed modeling and calculation 

processes for a multi-winding transformer using the unified 

magnetic equivalent circuit (UMEC) method, which can 

reflect the saturation of the iron core and complex 

electromagnetic coupling characteristics of the transformer. 

2) Decoupled modeling of MSST. A cut-set-based 

decoupling method is proposed, which can simplify the 

circuit of the power module. The bridge equivalent is 

consequently simplified. The decoupled equivalent circuit 

makes the simulation speed much faster than DM. 

3) Parallel simulation framework for MSST. A simulation 

framework using parallel calculation is proposed. In 

addition to accomplishing the calculations of the UMEC 

transformer model, the submodule equivalents are assigned 

to different CPU cores to realize parallel computation. This 

further increases the simulation speed. 

This paper is arranged as follows: Section II presents the 

UMEC modeling theory of multi-winding transformers. 

Section III proposes the decoupled modeling method of the 

submodule and gives a parallel simulation framework for 

MSST. Section IV applies the detailed modeling processes to 

the CHB-MAB-MSST. Section V shows the simulation results 

in terms of accuracy and time efficiency to validate the 

proposed method. Section VI concludes the paper. 

II.  UNIFIED MAGNETIC EQUIVALENT CIRCUIT OF MULTI-

WINDING TRANSFORMER 

The multi-winding transformer is an essential interface in 

MSST submodules that undertakes the vital task of power 

transfer. A multi-winding AC transformer is a crucial device to 

realize voltage level conversion and power transfer inside the 

submodule. The unified magnetic equivalent circuit (UMEC) 

modeling method takes the physical structure, saturation 

characteristic and magnetic decoupling mechanism of the 

transformer into account, which makes it capable of reflecting 

the complex characteristics of a real transformer. The UMEC 

modeling of the multi-winding transformer is presented as 

follows. 

Fig. 2 shows a 6-winding transformer with wounded 
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windings on a common iron core. For each winding wi (i = 1, 2, 

3, …, X), the core flux through wi is Φi, the leakage flux is Φlki, 

and the direction of winding voltage vi and current ii is specified 

in the figure. 

The magnetic circuit of the multi-winding transformer is 

composed of the core fluxes and leakage fluxes, as shown in 

Fig. 3, where Pi is the permeance of limb i, and Plki is the 

leakage permeance of limb i.  

 

Fig. 2.  Geometry of the multi-winding transformer. 

 

Fig. 3.  UMEC of the multi-winding transformer.  

Fig. 4 illustrates the geometry of the limb, where the limb 

length is Li, the cross-sectional area of the limb is Ai, and the 

number of turns is Ni. Bi and Hi are the magnetic induction 

intensity and magnetic field intensity generated by the winding 

currents. μ is the magnetic permeability of the iron core. 

Combining Fig. 2, Fig. 3, and Fig. 4, the magnetic circuit and 

electric circuit is related through flux Φ and winding current i, 

which is derived as follows. 

 

Fig. 4.  The m.m.f relationship in the limb. 

The relationship between the magnetomotive force (m.m.f) 

Mi, m.m.f drop Mdi and total m.m.f drop Mtdi  is: 

 
i di tdi from toM M M M M− = = −   (1) 

where 

 
i i iM N i=   (2) 

Mfrom and Mto are the magnetic potentials of the terminals of 

the limb. 

Φi is influenced by the limb permeances: 

 ( )i i di i i i tdiΦ PM P N i M= = −   (3) 

where 
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Pi is the limb permeance of limb i, μ is the magnetic 

permeability of the limb, which is a time-varying value 

determined by the instantaneous magnetic induction intensity 

Bi and magnetic field intensity Hi. The non-linear relationship 

between Bi and Hi is given in the manufacturer’s manual of the 

iron core. 

Considering all the circuits in the magnetic circuit, and 

rewrite (3) in matrix form: 

 ( )( 1) ( ) ( ) ( 1) ( 1)b b b b b b td b    = −Φ P N i M  (5) 

In (5), the subscripts of each matrix indicate the dimension 

of the matrix. Particularly, P and N are diagonal matrices. Φ, i, 

and Mtd are column vectors. 

According to Fig. 3, write the node-line coincidence matrix 

A(b×X), and obtain: 

 ( ) ( 1) ( 1)

T

X b b X  =A Φ 0  (6) 

where X is the total number of windings, Eq. (6) means the sum 

of branch fluxes is 0. 

Moreover, considering (1) and the magnetic potentials of the 

nodes Mnode, the m.m.f relationship is written as: 

 
( ) ( 1) ( 1)b X node X td b  =A M M  (7) 

Combing (5), (6) and (7), the relationship between fluxes Φ 

and terminal current i is obtained as: 

 
( 1) ( ) ( ) ( ) ( 1)b b b b b b b b    =Φ Q P N i  (8) 

where 

 ( )
1

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

T T

b b b b b b b X X b b b b X X b

−

       −Q = E P A A P A A  (9) 

In (9), E is an identity matrix. 

Partitioning (8) into limb branch associated blocks and 

leakage branch associated blocks, the limb fluxes and leakage 

fluxes canb be obtained: 

 
( 1) ( ) ( ) ( ) ( 1)

( 1) ( ) ( ) ( ) ( 1)

w a ww a a w a a w a a w a

k a kw a a w a a w a a w a

    

    



 =

=Φ Q P N i

Φ Q P N i
 (10) 

where the subscript w refers to the windings of limb branches, 

and k corresponds to leakage branches. 

Also, the winding voltage v and limb flux Φw satisfy: 
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Discretize (11) with the trapezoidal integration method: 

  1( ) ( ) ( ) ( )
2

w w

t
t t t t t t−

= −  + + − Φ Φ N v v  (12) 

Combining (10) and (12), the relationship between v and i is 

derived: 

 ( ) ( ) ( )w ww wt t t= +i Y v J  (13) 

where 

 

( )

( )

1 1

11

2

( ) ( )
2

ww ww w w w

w w ww w w w

t

t
t t t t

− −

−−


=


 = −  + − 



Y Q P N N

J N Q P N v i

 (14) 

 

Fig. 5.  EC of multi-winding transformer when X = 2, 3, 4, 6: (a) X = 2; (b) X 

= 3; (c) X = 4; (d) X = 6. 

According to (13), the equivalent circuit of the transformer 

is constructed. The structure of equivalent circuits is shown in 

Fig. 5 when X = 2, 3, 4, 6. Each winding refers to a Nortan 

branch with a current source and a conductor. Other branches 

only contain conductors. 

Fig. 6 shows the calculation process of the UMEC model of 

multi-winding transformer: At t = 0, read the non-linear B-H 

curve from a curve file, and initialize the winding voltage, 

current, and fluxes to 0. Then, within each time-step, measure 

the winding currents Iw to obtain the winding fluxes Φw and 

calculate leakage fluxes Φlk. At last, calculate P, Q, Yww, and 

Jww in order, and obtain the equivalent circuit of the UMEC 

model. 

III.  DECOUPLED MODELING AND PARALLEL SIMULATION 

FRAMEWORK FOR MSST 

A.  Decoupled modeling method for submodule based on cut-

set matrix 

The UMEC transformer model in Section II is a coupled 

model where the winding current iw(t) is associated with all 

winding voltages vw(t). The coupling characteristics result in a 

complex equivalent circuit and considerable computation. In 

power electronic simulations, the winding voltage does not 

change fast between neighboring time-steps. Therefore, they 

can be replaced with the history values from the last time-step. 

For winding i, replace vj(j≠i) with history values: 

 

Fig. 6.  Calculation process of transformer’s UMEC model. 
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where yij (i, j = 1, 2, 3, …, X) are elements of Yww. 

The corresponding equivalent circuit becomes a 

combination of independent circuits, as shown in Fig. 7 (X = 4). 

 

Fig. 7.  Decoupled equivalent circuit of a four-winding transformer. 

However, directly decoupling the transformer will lead to 

numerical instabilities and less accuracy. In MSSTs, the voltage 

of the submodule capacitor varies more smoothly than the 

transformer port. The model’s performance will be improved if 

the submodule is decoupled from the capacitor link. Following 

this idea, a cut-set-matrix-based decoupling method is proposed 

in this section. 

For simplicity and generality,  this method is illustrated with 

a DAB-based submodule, as depicted in Fig. 8(a). Utilizing the 

UMEC approach and ADC principle, the circuit is transformed 
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into its ADC where the AC transformer, capacitors and 

IGBT/Diodes are distretized as Norton branches, as shown in 

Fig. 8(b). 

 

Fig. 8.  Circuit and ADC of DAB submodule: (a) original circuit; (b) ADC. 

The directed graph corresponding to Fig. 8(b) is drawn in 

Fig. 9, where the solid lines represent twigs, and the dotted lines 

represent links. f1 to fN are fundamental cuts (f-cuts).  

 

Fig. 9.  Circuit and companion circuit of CHB-DAB submodule. 

Write the cut set matrix Q following Fig. 9. The rows of Q 

represent f-cuts. The columns represent edges (twigs and links 

are collectively called edges). The element in Q is defined as: 

 

1,

1,

0

ij

 if  edge j is in the same direction as f-cut i 

 if  edge j is in the opposite direction of f-cut i

, if  edge j is not included in f-cut i 




= −



Q  (16) 

According to Kirchhoff’s voltage law (KVL) and 

Kirchhoff’s current law (KCL): 

 ( )T

e t s ec e s= + −QY Q U Q I I QY U  (17) 

where Ye is a diagonal matrix that contains the edge admittances 

in Fig. 9. Ut is the voltage vector of all twigs. Is and Us are 

current and voltage sources of edges, Iec is the external twig 

current.  

The Thevenin branches can be transformed into Norton 

branches, so Us = 0. Rewrite (17) in partitioned matrix form: 

 11 12

21 22

Q Q tEX sEX cEX

Q Q tIN sIN

       
= +       

     

Y Y U I I

Y Y U I 0
 (18) 

where 

 
11 12

21 22

Q Q T

e

Q Q

 
= 

 

Y Y
Y Q

Y Y
 (19) 

The subscript EX indicates the external twigs, and IN 

indicates internal twigs. 

It is noted that UtEX is the external port voltage of the circuit, 

and IsEX is the port current. The relationship between UtEX and 

IsEX is obtained from (18): 

 ( ) ( )1 1

11 12 22 21 12 22Q Q Q Q tEX ecEX sEX Q Q sIN

− −− = + −Y Y Y Y U I I Y Y I  (20) 

Define 

 
1

11 12 22 21

1

12 22

reduced Q Q Q Q

sr sEX Q Q sIN

−

−

 = −


= −

Y Y Y Y Y

I I Y Y I
 (21) 

Eq. (20) indicates an equivalent circuit of Fig. 8(a). In view 

of the external circuit, it has the same dynamic characteristics 

as Fig. 8. This is because they always have identical feedback 

UtEX when the input IsEX is the same.  

Replace the voltage values with history values in (20). The 

transformer and H-bridges are decoupled at the capacitor link. 

This method is also applicable to arbitrary multi-winding 

transformers. 

B.  Parallel simulation framework for MSST 

After using the modeling method introduced in Sections II 

and III, the time-varying Norton equivalent circuit of MSST is 

computed in every time-step. The simulation framework within 

a time-step is shown in Fig. 10. 

 

Fig. 10.  Parallel simulation framework for SST. 

a) Calculation of UMEC transformer model: measure the 

winding current iw, which is zero at t = 0 or is obtained from the 

last time-step. Calculate the transformer parameters Yww and Jww 

in the order illustrated in Fig. 6. 

b) Decoupled modeling for submodule at capacitor links. 

Utilize the cut-set-based decoupling method, and decouple the 

submodule circuit at capacitor links. 
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in the decoupled circuit, which contains H-bridge branches and 
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UMEC branches, is equivalent to a simple Norton branch with 

the equivalent principle of the Norton circuit. 

d) Calculation of bridge equivalents. The submodule 

equivalent circuits are connected in cascade to produce the 

bridge equivalent circuit.  

e) EMT solving of the simulation tool. The equivalent 

circuit is solved in the EMT simulation tool to obtain the 

voltages and currents of the entire simulated system. 

f) Update of history variables. The capacitor and 

transformer winding voltages/currents are required to update 

the history current source values. In the simulation tools, the 

port voltages of the bridges can be measured directly. Then, 

through an opposite path of the equivalent process, the needed 

voltages/currents are obtained.  

It is noted that the equivalent process and update process of 

each submodule does not rely on the information of other 

submodules, Steps a)-c) and f) are operated in parallel.  

IV.  MODELING PROCESS FOR THE CHB-MAB-MSST 

In this section, the proposed method is applied to the CHB-

MAB-MSST described in Section I, and the modeling process 

of CHB-MAB-MSST is depicted in Fig. 11 - Fig. 14. Fig. 11 is 

the ADC of the CHB-MAB-MSST submodule, in which the 

IGBT/Diode switches and capacitors are replaced with Norton 

equivalents. The four-winding transformer is modeled as 

UMEC equivalents. 

 

Fig. 11.  ADC of CHB-MAB-MSST submodule. 

In Fig. 12, the four-winding transformer and the DC-AC link 

are decoupled. Then, the single-port equivalent circuit of each 

phase is transformed into a Norton circuit.  

 

Fig. 12.  Decoupling and node-shrinking of the submodule 

In phases A, B, and C, the equivalent circuits of submodules 

are cascaded. The DC side equivalent circuits are connected in 

parallel. Finally, the bridge equivalent, a decoupled circuit with 

four separated Norton circuits, is obtained, as shown in Fig. 13. 

 

Fig. 13.  Modeling of bridges. 

Referring to [24], the blocking circuits are added to the 

bridge equivalent circuits, as shown in Fig. 14. The equivalent 

circuits of the upper bridge and lower bridge are overlaid onto 

the external system for the EMT solution. 

 

Fig. 14.  Equivalent model with blocking circuits overlaid onto the external 

system. 

It is noted that the proposed model has full electrical 

interfaces to the external system. Therefore, when the external 

system changes (e.g. adding a battery in the DC stage or other 

power sources), the proposed model will not be affected.  

V.  VALIDATION AND PERFORMANCE 

The simulation results will show the effectiveness in 

modeling complex MSST and accelerating simulation speed of 

the proposed framework. 
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A.  Accuracy test 

In this section, the CHB-MAB-MSST with four submodules 

in each arm is established in PSCAD/EMTDC. The 

comparisons between the detailed model (DM) and the 

proposed equivalent model (EM) are given in terms of accuracy 

and simulation speed. The output power and voltage of MVAC, 

MVDC, and LVDC ports are (-1.6 MW, 115 kV), (0.8 MW, ±

10 kV), and (0.8 MW, ±0.35 kV). The system parameters are 

shown in TABLE I. 
TABLE I 

SYSTEM PARAMETERS OF THE CHB-MAB-MSST 

Symbols Parameter Description Values 

NPM Number of PMs per arm 4 

XACtr AC Transformer’s leakage inductance (p.u.) 0.15 

fsys System fundamental frequency (Hz) 50 

VL-Lsys Line-to-line RMS voltage on AC grid side (kV) 115 

VL-Lval Line-to-line RMS voltage on valve side (kV) 10.5 

Str AC transformer’s rated capacity (MVA) 2.5 

VC1 Rated capacitor voltage in CHB side (kV) 5 

VMVDC MVDC rated output voltage (kV) ±10 

PMVDC MVDC rated output real power (MW) 0.8 

CCHB CHB side PM capacitance (μF) 1000 

RMVDC MVDC output load (Ω) 500 

Str_hf 
Rated capacity of high-frequency transformers 

(MVA) 
0.1875 

Xhftr 
High-frequency Transformer's leakage 

inductance (p.u.) 
0.188 

Vtr1 
High-frequency Transformer's CHB side voltage 

rating (kV) 
5 

Vtr2 
High-frequency Transformer's MAB side voltage 

rating (kV) 
0.75 

CMAB MAB side PM capacitance (μF) 3500 

VLVDC LVDC rated output DC voltage (kV) 0.75 

RLVDC LVDC output load (Ω) 0.703 

The performance of the proposed model in terms of accuracy 

under different working conditions is tested. The working 

conditions are set as shown in Fig. 15: 

 

Fig. 15.  The working condition flow of the accuracy test. 

For precise comparisons, the averaged relative error (ARE) 

between the reference solution s (the simulation result of DM) 

and the given solution s  (the simulation result of EM) is used, 

which is calculated as in (22): 

 
1

100%

%

M
i i

i i
e

M

=

−


=


s s

s
 (22) 

where e% is the ARE in percent, i is the number of sample 

points, and M is the total number of sample points. 

The DC port voltages VMVDC and VLVDC are shown in Fig. 16. 

During the charging process, from t = 0 to t = 0.8 s, the MVDC 

voltage rises steadily to the set value of 20kV. At t = 0.8 s, the 

MAB absorbs energy from MVDC capacitors and starts 

charging. At t = 1.0 s, the LVDC capacitors are fully charged, 

and their voltages rise to 0.75kV. During t = 1.0 s to 1.5 s, the 

system operates in a steady state. At t = 1.5 s, LVDC fault 

occurs, and LVDC voltage drop to zero immediately. It also 

causes fluctuation in the MVDC voltage. At t = 1.6 s, the LVDC 

fault is cleared, and the LVDC voltage recovers. At t = 2.0 s, 

MVDC fault occurs. Both MVDC and LVDC sides are blocked. 

Thus, the MVDC and LVDC side voltages drop to zero. At t = 

2.1 s, the fault is cleared, and the system returns to a steady state. 

The e% of VMVDC and VLVDC are 0.07% and 0.79%, respectively. 

 
(a) 

 
(b) 

Fig. 16.  Voltages of MVDC and LVDC ports: (a) MVDC voltage; (b) LVDC 

voltage 

In the overall dynamic process, the active power of MVDC 

and LVDC ports agree well, as shown in Fig. 17. The e% of 

PMVDC and PLVDC are 0.39% and 0.93%, respectively.  

 
(a) 

Uncontrolled charge of MVDC capacitorst = 0 – 0.3s

Controlled charge of MVDC capacitorst = 0.3 – 0.8s

Controlled charge of LVDC capacitorst = 0.8 – 1.0s

Steady-state of the entire systemt = 1.0 – 1.5s

LVDC bipolar short-circuit faultt = 1.5 – 1.6s

Fault recoveringt = 1.6 – 2.0s

MVDC bipolar short-circuit faultt = 2.0 – 2.1s

Fault recoveringt = 2.1 – 2.5s

Back to steady-statet = 2.5s + 
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(b) 

Fig. 17.  Active power of MVDC and LVDC ports: (a) MVDC power; (b) 

LVDC power. 

  
  (a)                                                            (b) 

Fig. 18.  Grid voltages and currents: (a) voltages; (b) currents. 

The AC side dynamics of EM have an excellent fit with DM, 

as shown in Fig. 18. When MVDC fault occurs at t = 2.0 s, the 

CHB-MAB-MSST is blocked. The amplitude and phase of DM 

and EM agree well during steady-state and fault.  

In [25] , the authors proposed a modeling method for MSST 

using a non-decoupled equivalent circuit (EM2). Fig. 19 shows 

the comparison of the capacitor voltages of EM and EM2. The 

time-domain dynamics match well, which indicates that EM has 

as high accuracy as EM2 does, even though EM is a more 

simplified model. 

 

Fig. 19.  Capacitor voltage comparison of EM and EM2. 

B.  Simulation speed test 

The simulation speed of DM and EM is tested. The 

simulation time is set to 1.5 s, and the time-step is 2.5 μs. 

TABLE II shows the acceleration ability of EM, where tDM and 

tEM are CPU times measured by the inherent runtime tool in 

PSCAD/EMTDC. Fs is the speedup factor defined as Fs = tDM / 

tEM. 
TABLE II 

Simulation Time of DM and EM 

Number of 
modules 

tDM (s) tEM (s) Fs 

4 674.23 150.56 4.48 

8 3260.64 376.22 8.67 

10 18653.46 463.67 40.23 

20 256295.68 629.28 407.28 

30 708231.55 745.25 950.33 

With the increase of modules, the simulation time of DM 

rises exponentially while EM rises linearly. EM considerably 

improves the simulation efficiency with low loss of accuracy. 

Although the accuracy is retained, EM has a final speedup 

factor of 950.33 over 738.05 of EM2, according to TABLE I. 

This means EM has more potential for modeling complicated-

structured equipment. 

C.  Performance test 

The bi-directional power flow capability, frequency 

adaptability and system disturbance test are carried out to test 

the performance of the model. TABLE III show the cases that 

the power flowing out of the port is positive. 

TABLE III 
Working Conditions for Power Flow Capability Test 

 PLVDC PMVDC PMVAC 

Condition 1 1.0MW 0.4MW -1.4MW 

Condition 2 -6.1MW 2.1MW 4.0MW 

Condition 3 1.1MW -5.1MW 4.0MW 

Simulation result in Fig. 20 show that regardless of the 

power flow direction, the proposed model is able to stably 

transmit power, and every port of it has the full ability to send 

or absorb power. 

 

Fig. 20.  Power flow test of different conditions. 

Frequency is an important parameter of MSST. It is not 

included in the mathematical derivation process and does not 

directly impact the accuracy of the model. However, frequency 

determines the maximum simulation step because the carrier 

wave in the PWM control loop needs a small enough time-step 

to reflect its high-frequency details. 

Tests are designed that the frequency of the high-frequency 

transformer varies from 1 kHz to 10 kHz. Fig. 21 shows the 

CHB side capacitor voltage UC. With a frequency of 1-3 kHz 
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and a simulation time-step of 2.5 μs, EM is always accurate. 

Yet, at 5 kHz, UC has a large deviation. This is because that a 

time-step of 2.5 μs is not sufficient to reflect the details of a 5 

kHz carrier wave in this MSST system. By changing the time-

step to 1μs, the simulation results are again precise at both 5 

kHz and 10 kHz. 

 

Fig. 21.  Frequency adaptability tests. 

The simulation results indicate that the proposed model has 

a wide range of applicability of frequency. Theoretically, it 

works under any frequency value. However, the relationship 

between the simulation step and frequency should be 

considered when the frequency becomes high. 

For the system-level dynamic performance, the grid voltage 

sagging/swelling and LVDC load changing are tested. At t = 2 

s and 2.2 s, the AC grid has a 10% drop of the rated voltage and 

then a 10% increase of the rated voltage. The dynamics of EM 

are shown in Fig. 22. It is observed that when grid voltage 

sagging/swelling happens, EM has the same system-level 

dynamics as DM. 

 

Fig. 22.  System level dynamics when under grid voltage sagging/swelling. 

For DC side system-level dynamics, set LVDC load drops 

from 0.8 MW to 0.4 MW at t = 2 s. The LVDC power dynamics 

PLVDC and corresponding MVDC voltage UMVDC are shown in 

Fig. 23. It is observed that the results of EM and DM agree well 

during the transient processes, indicating that the EM is 

sufficient to capture the dynamics of transients. 

 

Fig. 23.  MVDC voltage and LVDC power change when LVDC load 

changing happens. 

VI.  CONCLUSION 

This paper proposes a novel decoupled electromagnetic 

transient (EMT) modeling approach and parallel simulation 

framework for modularized solid-state transformers (MSST). 

The detailed unified magnetic equivalent circuit (UMEC) for 

the multi-winding transformer is derived. Relying on the 

UMEC model, a cut-set-based decoupled modeling method of 

the submodule is proposed. Then, a parallel simulation 

framework for MSST is proposed to achieve remarkable 

simulation acceleration. The overall process is arranged in 

parallel in the CPU. 

The proposed approach utilizes the high frequency and small 

simulation time-step feature of MSST to obtain a decoupled 

equivalent model, which is beneficial in efficient bridge circuit 

cascading, parallel computing, and Norton equivalent 

integration. By doing this, the decoupled model realizes 

reduced computation burden and increased simulation speed, 

and is easy to be used in real-time simulations. Compared to the 

previous work in [25], the new approach is the same accurate 

while being 29% faster. 

According to the theoretical analysis and simulation results, 

the operation of the proposed model is affected by the stability 

of the original system and the time-step. Because the proposed 

model can always accurately reflect the dynamics of the 

original electrical system, the topology and control strategy of 

the original system must be rationally designed. Moreover, the 

frequency of high-frequency transformers requires the 

simulation time-step to be small enough to reflect the details of 

the carrier wave, unreasonable time-step values will make the 

simulation result deteriorate. 

The proposed framework is a potential solution for accurate 

and fast EMT simulation of MSST, whose high accuracy and 

efficiency make it applicable under different working 

conditions in both off-line and real-time simulations.  
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