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A Simplified EMT Model of Multiple-Active-
Bridge based Power Electronic Transformer with
Integrated Energy Storage

Jianzhong Xu, Senior Member, IEEE, Conghui Zheng, Wanying Xu, Moke Feng, Chengyong Zhao,
Senior Member, IEEE, and Gen Li", Member, IEEE

Abstract—Due to the advanced features of multidirectional
power transfer and fast smoothing of the power fluctuation in
renewable energy systems, the multiple-active-bridge based
power-electronic-transformer (MAB-PET) with integrated
energy storage units is becoming popular. However, the accurate
electromagnetic transient simulation of the MAB-PETs is
extremely time-consuming due to the large number of circuit
nodes and small time-step. This paper proposes a simplified EMT
modeling approach for the MAB-PET by employing the
generalized state-space averaging method. First, the switching
function method and Dommel algorithm are used to build the
equivalent model of each power module. Further, the PET
equivalent model is presented by multi-port PM polymerization
mode. The system is simplified by applying Fourier
Decomposition to its state functions by ignoring high-order
harmonics. Finally, a four-port equivalent voltage source circuit
is obtained. The proposed simplified equivalent model is
compared with the detailed model in PSCAD/EMTDC.
Simulation results show that the proposed approach has excellent
accuracy and is 2-3 orders of magnitude faster than the DM.

Index Terms—Multiple-active-bridge (MAB), energy storage
sub-module (ESS), simplified electromagnetic transient (EMT)
simulation, generalized state average method.

I. INTRODUCTION

HE intermittent and random characteristics of distributed

renewable energy bring challenges to the security and
stability of the power system [1]. Energy storage can be an
effective solution to address the challenges [3], [4]. Recently,
the power electronic transformer (PET) with integrated energy
storage is gaining wide attention because it can achieve both
flexible power transfer and energy storage, and therefore is
able to smooth power fluctuations [5].

There are various kinds of PET power modules (PMs):
single active bridge (SAB), dual active bridge (DAB),
multiple-active-bridge (MAB), quadruple active bridge
(QAB), cascaded H-bridge (CHB), etc. [6]. MAB reduces the
number of high-frequency transformers within the PMs,
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avoids redundant intermediate power conversion links, and
realizes direct power transfer and control among multiple
ports. Hence, the MAB-PET has been utilized in practical
distribution networks [7].

The electromagnetic transient (EMT) simulation of MAB-
PET is an instrumental technology to test the dynamic
characteristics of power systems before deploying them in the
system [8]. However, the high-speed and accurate EMT
simulation of PETs, especially for the energy storage-based
MAB-PET, encounters a lot of difficulties.

Compared with classical modular multilevel converters
(MMCs), of which the simulation theories have already been
mature [9], the equivalent modeling of PETs still has a long
way to go because each PM of PETs contains the high-
frequency link (HFL), complex internal structures and a large
number of circuit nodes. Moreover, the simulation time-step
of PET is much smaller than MMC, which makes the
simulation efficiency of PET much lower [10].

To accelerate the simulation speed of PETSs, several
modeling methods have been proposed: the averaged-value
model (AVM), dynamic phasor model and Thevenin’s
equivalent model [11]. The AVM replaces the actual value
with the average value over the switching period and therefore
can only consider the fundamental frequency and DC
components [12]-[14]. It sacrifices the accuracy for better
simulation efficiency. The dynamic phasor model can consider
all DC, fundamental and harmonic components. It is
compatible with a larger simulation time-step up to several
hundred microseconds. Compared with AVM, the dynamic
phasor model has higher accuracy but lower efficiency [15],
[16]. The Thevenin equivalent model retains all internal and
external electrical information of the detailed model (DM) and
can speed up the simulation significantly. [17]-[20] accelerate
the modeling of DAB and CHB based PETs by circuit
preprocessing, internal node elimination and HFL decoupling.
However, with the increase of the PET voltages and power
ratings, the complexity of PET topology increases. It is
difficult to simplify the equivalent model by preprocessing,
internal node elimination and high-frequency chain
decoupling. Therefore, the efficiency of the Thevenin
equivalent models will become worse.

The power system is demanding for multi-time-scale
regulation of the energy resources, the grid-connected energy
storage system gradually transforms from single energy



storage to hybrid energy storage [21]. This makes the control
of the energy storage system more complex, and further
increases the difficulty of simulation [22]. Therefore, it is of
great engineering importance to establish an equivalent model
with energy storage interfaces, which is suitable for both
single and hybrid energy storage.

To further accelerate the simulation speed of the existing
equivalent models with minimum loss of accuracy, this paper
proposes a simplified EMT equivalent model of MAB-PET
with the energy storage sub-module (ESS). The accuracy and
speed of the simplified equivalent model (SEM) are analyzed
and verified using the MAB-PET model used in the Chongli
distribution network, Hebei, China. The proposed approach is
also applicable to SAB, DAB, QAB, CHB-DAB, CHB-MAB
and other topologies, the innovation includes four points:

1) The SEM is constructed by the generalized state-space
averaging method, which uses Fourier Decomposition and is
suitable for the PM with m input ports and 1 output port (“m-
to-1” MAB). This method avoids internal node elimination,
HFL decoupling, and greatly reduces the difficulty of
modeling.

2) Using the switching function method to build an
electrical variable bridge between the AC and DC ports of the
CHB, which eliminates the switching process of devices.
Complex matrix operations can be avoided to reduce the
overall computational burden.

3) The ESS model is constructed by the binary resistance
method and the Dommel method. To meet the requirements of
hybrid energy storage, the interface of the energy storage is
reserved.

4) Compared to the previous work, the proposed SEM is
more suitable for the simulation of the large-scale AC-DC
hybrid grids containing multiple PETs with ESSs, due to the
small modeling difficulty and higher simulation speed.

II. TOPOLOGY, CONTROL AND MODELING OF MAB-PET

A. Topology of MAB-PET

The studied MAB-PET has an input-series-output-parallel
(ISOP) structure, as shown in Fig. 1. Each PM contains CHB,
MAB, and ESS. MAB and CHB achieve the three-phase
AC/DC conversion with high-power density [23]. The ESS is
connected to the LVDC port to improve the power quality. In
the topology, the electric energy is transferred from the
MVAC side to the LVDC side through four conversion steps:
AC/DC, DC/AC, AC/AC (high-frequency isolation
transformer), and AC/DC.
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Fié. 1. Topolog}; of the MAB-PET and its PM structure. i

B. Control of MAB-PET

The control strategy of CHB adopts voltage and current
double closed-loop control with carrier phase-shift sinusoidal
pulse width modulation (CPS-SPWM). The outer voltage
control regulates the average of MAB input capacitor voltages
uci, ucx and ucs (ucave in Fig. 2). The inner current control
receives orders from the outer voltage control for the current
control. The SPWM control signals of the CHB are generated
by comparing the triangle wave with the modulated waves
Usaref, Usbref and Uscref.

) dq Usaref
—>
Usbref

Uscref

abc

Fig. 2. CHB control block diagram.

The ESS control system is also a double closed-loop control
system, which is composed of the inner current control and the
outer power control. The difference between the SOC
reference (SOCrf) and SOC average (SOCay) is used to
generate the active power reference Pparer. Then, by changing
the duty cycle d of the DC/DC converter, the active power
control of the ESS side converter is realized. The control
signal of each ESS is generated by comparing the triangle
wave with d, the ESS control block diagram is shown in Fig. 3.

Pare iare d
SOCiar (0 ) P9
SOCaye Prat lbat

Fig. 3. ESS control block diagram.

The main objective of MAB is to stabilize the LVDC
voltage ucs. The difference between the voltage reference



Ucarer and actual ucy is used to obtain MAB’s shift angle to
realize its single-phase shift control [24]. The magnitude and
direction of power transfer are controlled by adjusting the ¢.
The energy will be transmitted forward if ¢ is positive.

ucmfﬁ—»{ PL [ 130z 2>
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Fig. 4. MAB phase-shift angle control block diagram.

IITI. SIMPLIFIED EMT MODELING OF EACH PM

The modeling steps and methods are summarized in Fig. 5.
The PM model composed of CHB, ESS, and MAB will be
firstly built, and then establish the SEM model of the ISOP

type MAB-PET.

| CHB average model |<::- | switching function method |
b

| ESS Thevenin model | <<— |

dh
| MAB system-level model| <

Dommel method |

generalized state-space
averaging method

| PM SEM |

J

SEM of ISOP type
MAB-PET

multi-port PM cascade mode

Fig. 5. Procedures of the modeling.

A. CHB Modeling

The switching function method is used to carry out the
equivalent modeling of CHB for 8 different working states as
shown in Table I and Fig. 6, in which Si, S, S3, and S4
represent the switching states of IGBTs, Dy, D,, D3 and D4
represent the conducting states of diodes, ux is the MVAC
voltage, and iy is the MVAC current.

TABLEI
VOLTAGE AND CURRENT RELATIONSHIP ON BOTH SIDES OF CHB
Si [ S | S5 | S | Dy | D2 | D3 | Dy | ux in
1 0 0 1 0 0 0 0 uci I
0 1 1 0 0 0 0 0 | -ua | -h
0 0 0 0 1 0 0 1 Uc -1
0 0 0 0 0 1 1 0 | -ua I
1 0 0 0 0 0 1 0 0 0
0 0 1 0 1 0 0 0 0 0
0 1 0 0 0 0 0 1 0 0
0 0 0 1 0 1 0 0 0 0

Table I reveals the relationship between the MVAC and DC
voltage and current on both sides of the H-bridge by
identifying the modes of IGBTs and diodes.
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Fig. 6. Working states of the H-bridge in the CHB.

The connection method of MAB and CHB models is shown
in Section III-D. This method avoids a mass of equivalent
circuit calculations, which can quickly establish the electrical
connection between the MVAC and DC sides to ensure
accuracy and greatly improve the calculation efficiency.

B. ESS Modeling

The ESS model is constructed by the binary resistance
method and the Dommel method to meet the variable dynamic
characteristics. ESS consists of a bidirectional DC/DC
converter and an energy storage unit. The DC/DC converter
includes IGBTSs Sgi, Sk», diodes Dg1, Dg2, and filter inductor
L.. The energy storage unit can use either batteries or
supercapacitors or a combination of both. The equivalent
model of the IGBT group and inductor in Fig. 7 will be
discussed respectively.
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Fig. 7. Topology of the ESS.

As shown in Fig. 8(a), the binary resistance represents the
IGBT group. When the switch group is on, the resistance
value will be Ron (a very small value), when the switch group
is off, the resistance value will be Rorr (a very large value).
Therefore, the switch group in Fig. 8(a) can be equivalent to
the admittance shown in Fig. 8(b), its value is shown in (1).
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Fig. 8. Bidirectional DC/DC converter components and the equivalent circuits.
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According to [25]-[27], the inductor is normally discretized
using the trapezoidal rule. The inductance in Fig. 8(c) can be
equivalent to the Norton equivalent circuit in Fig. 8(d) as (2):

i, 0)=G, v, (t)'jL_Hls 0]
Ut

L _Z 2)

. Ut .
]LﬁHIS(t) = 'Z'VL(t'Dt)'ZL(t_DI)

where At is the simulation time-step and Gy is the Norton
equivalent conductance. Ji uis is the historical current source,
its value is determined by switching states of the last time-
step.

The topology of the ESS shown in Fig. 7 can be equivalent
to a single-port Norton circuit as shown in Fig. 9 by
combining the equivalent circuits of the components of ESS,
and it can connect to the output side of the MAB.

Lessmin
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Fig. 9. Norton equivalent circuit of single ESS.

Equivalent resistance Ressm and equivalent current Zessm in a
single ESS Norton equivalent circuit are shown in (3). Ry and
R, are equivalent resistors of the IGBTSs, R, is the equivalent
resistance of the inductor, and Uy, is the voltage of the energy
storage unit.

_ Rz 'RL+R1 'RL+R1 'Rz
essm R2 ~RL
. 3
_ R, '[]Lfﬂls(t).RL _Usb(t)] )
e R ‘R +R R, +R R,

The solutions of R; and Ji_mis in (3) are given in (4), and
Ucy is the voltage of the MAB output port.

2
L
jLﬁHIS(t) = VL(t-Dt) +iL(l _Dt)
R -R 4
v (0 =Ue, (1) R v @

R,-R,+R -R, R R,

i )= V;e(l‘)

+J L HIS ()

L

Then the Norton circuit port current will be:

_ Ucs()- (R, + R )R, - |:J‘L7H15(t) ‘R, - Usb(t):'
R,-R, +R ‘R, +R ‘R,

iessmin (t)

C. MAB Modeling

The operating frequency of MAB is usually 10~20 kHz,
hence the generalized state-space average method can be used
to model the overall working states of the MAB.

1) Continuous Time Domain Equation of Working States

The nonlinear time-varying differential
established for MAB in Fig. 10.

equation is

Fig. 10. Topology of the MAB.

The equivalent inductor currents i1, #z> and i;3 of three-
phase high-frequency transformer and capacitor voltages uci,
uca, ucy and ucs are selected as the state variables. The
differential equation of MAB is given in (6):

LA Dm0

Todt )
duc (1) . ;

C. # =4, (¢) =iy, (2) (6)
Aues® oy

C4 dt lLL(t) lz(t )

In (6), un(t) and wur(t) are the AC voltages of the primary
and secondary sides of the transformer respectively, iru.(t) and
ir (t) are the currents of the primary and secondary sides of
the transformer, where x is 1, 2, or 3.

The IGBT group is represented by the switching function.
The voltage and current on both sides of the full-bridge
converter unit are shown in (7).

)]
u (] [s@ 0 0 0 0 0 |u,@®
u, (¢) 0 5) 0.0 0 0 |[i()
i@ 0 0 s 0 0o 0 |ie|D
i, (1) 0 0 0 ns,(t)ns,(t) ns, (1) || i,,(¢)

L i () |

where
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In equation (8), T is the switching cycle of the MAB, the
phase-shifting angle of the high voltage side of the MAB
three-phase are equal and ¢, ¢, is the phase-shifting angle of
the low voltage side, so there is a phase-shifting angle ¢2-¢;.

Considering the simulation accuracy and speed, the
equivalent process only consists of the base wave, 3™ and 5%

harmonic waves of the transformer equivalent inductor current.

The DC components of capacitor voltage waves are also
considered, so Uci, U, Ucs, and Ugs are used to replace
ripples uci, Ucz, Ucs, and Uucs.

The differential equation of MAB can be obtained as (11).

P =8P+l )

where P=[i,. (1), Uc, (1), Ugy (t)]T represents the system state

variable. In P, ir(t) (x=1,2,3) is the current of the equivalent
inductance of the transformer, including base and harmonic
waves. § represents the system state variable matrix, which is
a matrix composed of switch functions si(t) and sx(t), as
shown in (10). 7 is the system input variable.

03 s U1 SIUZ

S=|Sun 03 0., (10)
SUIZ 501x3 01
where O is square matrices of zero.
SlU] :diag sl(t), Sl(t)’ Sl(t)
Ll L2 L3
—ns,(t) —ns,(t) —ns,(t) !
ST T T
1 2 3
11

SUllzdiag[_Sl(t), _Sl(t), _Sl(t)}
Cl C2 C3

o _[m@ ms0 mso
u c, > c, > c,

The system state variable matrix of the MAB differential
equation can be obtained by extension, as shown in (12).

S= SUll‘

(12)
SUIZ §01><m 01

Based on (11), the matrix is extended as follows:

T
I=10. ---. 0 LTLC R MO A0
' ’ ’ Cl ’ ' Cm , Cm+1
. . T
P=|:l“(t), oy 1, (0), Ug(0), -+, UC(m+1)(t):|
S, =diag —Sl(t), —Sl(t), - 50
Ll LZ Lm
T
s—ﬁW)WMN.WM} (13)
w2 — L B L B B L
1 2 ‘m
SU":diag _Sl(t)’ _sl(t), . _Sl(t)
Cl C2 Cm
{ns2 () nsy(2) ns, (t)}
SU]2: s T s T
C, C, C,

where P,P,I are (2m+l)-order column vectors and § is

(2m+1)-order square matrix. Swi, Sun are m-order diagonal
matrices and Stu2, Surz are m-order row vectors.
2) Simplified EMT Model Based on Fourier Decomposition
Since si(t) and sx(t) are square waves with a 50% duty
cycle, they can be Fourier decomposed into a superposition of
sinusoidal signals of different frequencies to reduce the
complexity of the equation. Fourier Decomposition of the
switching function into (14):

0= 3 5@, - jb)-e",

a,=0
4 . (14)
—, n isodd
b, =1nn
0 , n iseven
The convolution property of the Fourier coefficients is:
(s)-U®), = 2. (s),_,(U®), (15)

n=-o

The SEM of MAB is described by the Fourier coefficients
of each state variable, and its differential equation is:

W, 0, 01><2§ %TLI

. o, o T,

P= 1x2 3 1x2 3x6 L3 P+1 |
‘lez 0,, W, %TLS (16)
TCinl TCin3 Cin5 %TCoutl TCoutS TCoutS 02

P and P are similar to (9), representing system state
variables and the differential forms. I retains the DC
component of the current in (9) and still represents the system
input variable.
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The § in (10) is transformed to obtain the system state
variable matrix, which is composed of Wx, Trx, Tcinx, and
Tcoutx in (16). Contents of each matrix are given in (18), where
xis 1,3, or5.

w.=[ 0 | jxo]
T - —7 e*])“/ﬁ ; e*])“/’z
b { J)mL1 E]JmL1 }
j 2 e—jwl _ 2 e/‘m
T. =| xnC_, xnC,
Cinx 1O (1) (18)
0 0
TCoutx: _j 2n Az ] 2n —Jjx,
xnC, xnC,

Denoting the Fourier coefficients of the state variables as
complex numbers can reduce the difficulty of solving the
equation while preserving the amplitude and phase. Equation
(19) gives the equivalent inductor current of the transformer in
terms of the base and 3%, 5"..&k%" (k is odd) harmonics
equivalent time-varying nonlinear differential equation.

W, 02><(k-3) 0, T 9

s 1 O(“)X2 ‘ O(k-s)ng 0., A :
0=— 0. 0 W T 0+1 (19)

T 2 Oy Wi yn

TCinl TCi“k %TC‘)“tl o TCoutk 2

Q and Q consist of the real and imaginary parts of P and P .

I{o, g, {in ), _WW

s
Clmm Cm+]

Q:[qlll»«-m(t)ﬁ %y-»«(t)a T, T,
G i n@: e a0 e ®] 50

Q:|:q11---m(t)s TR q(k+1)1...m(t)’ qui(l),
i=1

m T
T, T Zq(kﬂ)i(t)’ qumm(t)7 qC(m+1)(t):|
i=1

The system state variable matrix composed of Wk, Tik, Tcink
and Tcoutx in (19) is obtained after taking out the constant
coefficient of (16). Equations (19)-(21) are the time-varying
nonlinear differential equations of the “m-to-1” MAB.

w =Dk
| —krew . 0
— sin(ke,) 21 sin(ke, )
T _ 1---m 1eeem
Lk
- cos(kg,) 21 cos(ke,)
1--m 1---m
4 sin(kg, ) cos(kg,) 1
TCink_ kClmm kClm
0 0
0 A 0
Teoua=| 1 sin(k(p2)§ ail cos(kg,)
(m+1) ; (m+1)

If the orders of the harmonics increase, the simulation

accuracy of the equivalent model will

increase accordingly.

However, this will lead to a rapid decrease in the simulation
speed. So, an appropriate number of Fourier Decomposition

times should be selected comprehensive

D. PM Modeling

ly.

The MVAC voltage and current are related to the DC

voltage and current by the switching function method on the
CHB side. Norton circuits of each ESS and its output current
shown in (5) are formed. Combined with (19), the time-
varying nonlinear differential equation of the MAB, which
considers the base, 3" and 5™ harmonics, can be obtained:

w, 0, O, T L
. 1 2 W3 02 06 TL3
x| O, O, W, T Ls (22)
TCinl TCin3 TCinS TCoutl TCout3 TCoutS 02
(s@)y  (B0) '
1 l
I = 0, R 0’ e - [ = . _iessmin(t) (23)
|: C]...3 C4

Combining (5) with (20) to obtain I. Finally form the

equivalent circuit of PM in Fig. 11.
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Fig. 11. Equivalent circuit of PM.



IV. SIMPLIFIED PET EQUIVALENT MODELING

A. Cascade Mode and Equivalent Method

The PET topology is composed of modular series and
parallel structures that can meet different voltage and power
requirements. PET includes four PM cascading modes: ISOP,
input-parallel-output-series (IPOS), input-series-output-series
(ISOS), and input-parallel-output-parallel (IPOP). The ISOP
type MAB-PET topology equivalent modeling is provided in
this section, as shown in Fig. 12.

Read ii(t) and i,(t) |

—
v
| |
<Serial N P<Farall >

YES, YES
iin(t) = ii(t) Zion(t) = io(t)
n=12.14 n=12..14

| Form parallel total current equation (25) |

—| Obtain four-port voltage values (Fig. 11) |

END
Fig. 12. Flow chart of the ISOP cascading mode.

Firstly, the CHB serial input side current ii(f) and MAB
parallel output side total current iy(f) from the previous
simulation time-step are obtained. Then check the cascading
mode of PM ports. If the PM port is in series, the current will
be equal to the total current. If the PM port is connected in
parallel, the sum of the currents of PMs will be the total
current. According to (19), it can be obtained:

Consy demn(O)=—4n |:z q,,(1)-sing, +Z q,,(1)-cosp,

i=l i=1

n 1. u 1
+z q5,(t) 'gsm (3% )+z q4,(1) 'ECOS(?’% ) (24)
= il

C 1. 1
+z%i(t)'§sm(5(/72)+Zq6[(t)'gcos(5¢z):|
i=1l i=1
Single PM port current is given in (24), so the sum of the N
PMs port currents is (25) when the PM ports are in parallel:
N
I (l):zc(m+1)i “Gemeni (0) (25)
i=1
By solving the differential equation (22)-(25), the voltage of
the four ports of the PM in Fig. 11 can be obtained.

B. Method of Obtaining Transformer Inductor Current

It is of great importance to analyze the inductor current of
MAB transformer for the selection of inductor parameters,
harmonic characteristics analysis and power loss reduction.
Hence, this section gives the method of obtaining transformer
inductor current in the proposed SEM, which aims to meet the
requirements of system fault diagnosis, DC offset elimination,
and dynamic response analysis.

When the equivalent inductor current of the transformer is
equivalent to the base wave and 3", 5% i™ (k is odd)
harmonics, qi1(f), g21(%)...... qr(h), qu+ni(f) (k is odd) can be
obtained by solving the differential equation (22). Then the
time-domain equivalent inductor current izi(f) in phase 4 of
the MAB transformer will be obtained as:

i ()=e"™" [‘In(t) T4, (t)f] te'™ .[q”(t) ~ ([)]]
+&™ g5, () + 4, () 7]+ €™ [g3, () — g4, (1) ]]
4o e
L .|:ku () + Qs (t)]:| ek -[qkl ®- Gk (t)]:|

The equivalent inductor currents in the time-domain of “m-
to-1” MAB transformer will be:

ian (t) = elﬂAt ' [qlm (t) + qu (t).]] + e_lwm ’ [ql m (t) - qu (t)']]
+€3WA[ ’ [q_?)m (t) + q4m (t)j] + ei3wA[ ’ [q3”7 (t) - q4m (I)J]
+ .. =+ ...
+e ™ ‘[qkm O+ Gyt )J] +e '[qkm (=4 ]

The model in this paper reflects the internal characteristics
of the transformer, such as the equivalent inductor current, and
can be used for the system analysis, protection design, analysis
of the working process and state of PET, and fault location of
the large-scale AC-DC hybrid grid containing multiple PET.

C. PET Simplified Equivalent Modeling

As shown in Fig. 13, the PET model solving can be divided
into three stages:

(26)

@7

: | Reading system parameters. |
]

t Y |
: | Read 4N control signals and form flag F. | :
| 1 |
—:—>| Read 7i(t) and Zo(t) and judge F. | :
| |
| |
| @ g NO @ |
: YES YES YES :
| 1,(5=0 L=t | [HO=di®] |
| Iz(t)zlio(t) Iz(t)zlio(t) Iz(t)Tio(t) |
| |
"========== ==================i
1 (2) Uc1/2/3/4(t) and iz (t) of each MAB is solved @'
t=t+AT : orward according to (25) :
I 1] I
: | (2) Get u;i(t) and uo(t) according F. | :
| |
| |
. <FO < < >
: YES YES YES :
| ui(=0 ui(=Uciz3(t) | |ui()==Uci25(H) |1
| Uo(ty=0 uo(®=Ucs(®) | | uo(®==-Ues(t) |,
L | | I ,
=== =====y=================7

YES

Fig. 13. Flow chart of PET equivalent modeling.



1) Read parameters and signals: Read system parameters
and the 4N control signals of H-bridge IGBTSs, then form flag
F according to the signals of CHB.

2) Solve the voltage of four ports of the PMs: Determine the
relationship between ii(?), io(f) and 1(¢), Ix(f) by flag F. By
solving (22)-(25), the port voltages Uci/3/4(f) and transformer
equivalent inductor current ir(f) of each MAB is solved. Then
get CHB series input side ui(f) and MAB parallel outlet side
uo(f) according to flag F.

3) Solve the current of four ports with the external circuit:
Obtain equivalent circuit port current #i(f), io(f) in Fig. 14 by
single-step solution.

After modeling a single PM and cascading PMs, an
equivalent circuit with three controlled voltage sources on the
input side and a single controlled voltage source on the output
side can be obtained in Fig. 14.

u
Fig. 14. Equivalent circuit of PET.

Due to the modular structure of PET, the states of different
PMs can be determined by the control signals. The electrical
value of MAB’s input port can be expressed as the coefficient
relation of AC port electrical value by the method described in
Section III-A, and the voltages of the PM four ports can be
obtained by combining MAB topological parameters with the
electrical values of the ports using equations (22) and (23).
The four-port voltages are aggregated according to the PM
cascade mode using equation (25). The equivalent circuit
shown in Fig. 14 can be obtained as well. The port currents are
obtained in each time-step, then the equivalent model can be
solved repeatedly.

V. MODEL VALIDATION AND ANALYSIS

In this section, a DM and an SEM of the ISOP type MAB-
PET shown in Fig. 1 are built in PSCAD/EMTDC to verify
the proposed model. The LVDC side load is grounded through
a high-impedance resistor. The studied model is used in the
Chongli distribution network, Hebei, China, which is a
demonstration project for “the Low-carbon Winter Olympics”.

The simulation accuracy and speedup factor of the model
are tested. The switching frequency is 10 kHz for the MAB
and ESS, and 600 Hz for the CHB. Combining with the
system switching frequency the simulation time-step is
selected as 1 ps. The structure of the test system is shown in
Fig. 15, and system parameters are shown in Table II.

CHB-MAB-ESS

iLypC

e }{AC | s
pcl—| ac DC

AC

Fig. 15. Schematic of the PET test system.

TABLEII
PET TEST SYSTEM PARAMETERS
Parameters Values

HVDC bus voltage u/kV 10
LVDC bus voltage u;/kV 0.6

Switching frequency f/kHz 10
MAB input side capacitance C ,3/pF 2000
MAB outlet side capacitance Ci/uF 1000

High-frequency transformer ratio n 0.9/0.771

Transformer additional inductance L/uH 55.8

Module number N 14

Considering the harmonic selection method mentioned in
Section III-C, the amplitude of 7% and above odd harmonics of
the transformer equivalent inductor current is small (about 6%
in total). Therefore, the test model established in this chapter
only considers the base wave, 3™ and 5% harmonic waves of
the equivalent inductor current of the transformer.

A. Accuracy: MAB-PET with ESS

In this section, the AC voltage us and the transformer
equivalent inductor current i; under steady-state and the
LVDC voltage urvpc and current irypc under multi-state are
tested. The accuracy of SEM and DM are compared to verify
the effectiveness of the SEM in characterizing the internal and
external characteristics of the system.

1) Steady-state Operation

Fig. 16 shows the steady-state AC voltage. The enlarged

figure shows that the AC voltage in the steady state is a wave

with small steps, and maximum error of SEM is 5% compared
with DM.
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Fig. 16. AC voltage during steady-state.

Fig. 17 shows the equivalent inductor current of the
transformer phase 4. Compared with DM, the maximum error
of the equivalent inductor current of the SEM is 1.5%.
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Fig. 17. Transformer equivalent inductor current during steady-state.

The main reason for the error is that the equivalent inductor
current of the SEM only considers the main low-order
harmonics. However, the error is in an acceptable range for
system-level analysis.

2) Multi-state Operation

To test the simulation accuracy of SEM under multi-state
operation, the simulation timing is set as follows:

a) 0~0.1 s: Set the startup time of the MVAC power supply
as 0.05 s to start the system.

b) 0.1~0.5 s: When the startup process is over, the system
will enter steady-state operation.

¢) 0.5~1.0 s: A MVAC single-phase ground fault (F; in Fig.
15), which is grounded through low resistance, is set at = 0.5
s. The system starts to recover after the fault.

d) 1.0~1.5 s: A pole-to-pole LVDC fault (F, in Fig. 15)
occurs at ¢ = 1.0 s. The high and low poles are short-circuited
through a 0.5 Q resistance. The system starts to recover after
the fault.

PET’s voltage urvpc (Fig. 18) crosses the LVDC terminal
and LVDC current irvpc (Fig. 19) are selected to compare the
simulation results of each stage of the SEM and DM.
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Fig. 18. The waveforms during multi-state: (a) The LVDC voltage; (b)
Single-phase ground fault (F,); (c) Pole-to-pole fault (F5).

The enlarged figure of fig. 18(a) shows a startup waveform,
with a peak error 1.8%. Fig. 18(b) shows the maximum error
during the single-phase ground fault is 1.5%. Again, the
agreement is excellent in Fig. 18(c), with the peak error
typically less than 2%, indicating that the proposed approach
has excellent accuracy.
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Fig. 19. The LVDC current during multi-state.

Fig. 19 shows the startup and fault waveforms of the LVDC
current. The maximum current fluctuation of a pole-to-pole
fault is about 1 kV.

B. Accuracy: MAB-PET in Distribution Network

The topology shown in Fig 1 has been deployed in Chongli
distribution network, which realizes the integration of PV
stations and ESSs, as shown in Fig. 20. In this topology, PVs
are connected to the power grid through DC/DC units and
MAB-PET, and ESSs are directly integrated into MAB-PET.
This reduces the use of interface converters and therefore also
reduces system complexity. The control of the MAB-PET
used in the Chongli system is a little bit complicated, which is
one disadvantage. The topology can be used for large-scale
grid-connected PV stations with ESSs.

Fi:g. 20. Topology of the Chongli MAB-PET with PV stations.

The PV stations start to generate power from ¢ = 1 s. Fig. 21
shows the power variations of the MVAC and DC loads. Fig.
22 and Fig. 23 show the LVDC and AC voltages of the MAB-
PET distribution network. It can be seen that the SEM matches
well with the DM during dynamics.
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Fig. 21. Power changes.
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Fig. 23. AC voltage of the MAB-PET distribution network.

When the PV stations start to generate power, Pmvac drops
to 1.5 MW and Pjo.q maintains at -0.8 MW, upvpc maintains at
0.6 kV, which means that the distribution network can still
ensure stable load operation when the PV station and ESS
change dynamically. Compared with DM, the maximum error
of the AC voltage of the SEM is 3.5%. The simulation results
show that the proposed model can precisely describe the
dynamic characteristics of the external system in the time
domain.

C. Speedup Factor

The speedup effect of the ISOP type MAB-PET with
different numbers of PMs is investigated. The time-step is 1 us
and the duration is 5 s. The speedup factor is defined as the
ratio of CPU times of two models with the same time step and
duration of the simulation [23]. To reflect the advantages of
the SEM in terms of efficiency, the EM of reference [23] is
introduced for comparison in Table III.

TABLE III
CPU TIMES RESULTS
PM CPU times .CPU .CPU Speedup Speedup
number (s) (DM) times (s) times (s) factor factor
N) (SEM) (EM) (SEM) (EM)
3 686.30 14.66 96.39 46.82 7.12
8 2769.75 19.32 107.70 143.33 25.71
14 13636.34 34.83 122.69 391.53 111.14
42 214691.97 130.38 218.17 1646.73 984.05

For 14 PMs, the speedup factor is 391.5. For 42 PMs, the
simulation is over 3 orders of magnitude faster. Compared
with [23], the model in this paper ignores high-order harmonic
waves of transformer equivalent inductor current to speed up
the simulation, and the speedup factor increases rapidly with
the expansion of the topology scale. Thus, the proposed SEM
has an excellent acceleration effect in the simulation of the
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MAB-PET system with high switching frequency and multiple
modules.

VI. CONCLUSIONS

In this paper, a simplified EMT equivalent model of ISOP
type MAB-PET is proposed. An averaging model of CHB is
established by the switching function method. An ESS
efficient model is constructed by the binary resistance method
and the Dommel method. A system-level MAB model is
constructed by the generalized state-space averaging method.
The system is simplified by Fourier Decomposition of the
state equation and ignoring the insignificant order. Moreover,
a four-port voltage sources equivalent circuit is developed,
which can directly connect to the external circuit.

The simplified EMT equivalent model of the MAB-PET is
verified by comparing with the DM and EM [23] in the open
literature. Simulation results show that the proposed models in
steady-state, single-phase ground fault and pole-to-pole LVDC
fault scenarios are accurate. The speedup factor is almost 2-3
orders of magnitude, which is around two times faster than the
previous equivalent models.

The proposed SEM is an accurate system-level model
without considering the device switching process and can also
extend to other PETs like SAB, DAB, QAB. The SEM can
reflect all the external characteristics and part of the internal
characteristics and can be applied to the system analysis and
protection design of large-scale AC-DC hybrid power grids
which contain multiple PETs.
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