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Detailed Equivalent Modeling and Simulation of 
Modular Multilevel Converters with Partially-

integrated Battery Energy Storage
Ramin Parvari, Shaahin Filizadeh, and Ioni Fernando

Abstract——This paper develops a detailed equivalent model 
for modular multilevel converters with partially-integrated bat‐
tery energy storage. The proposed model gains computational 
efficiency in two ways. Firstly, it markedly reduces the large 
number of nodes in the conventional switching model of the 
converter, thereby shrinking the size of its admittance matrix. 
Secondly, it avoids computationally expensive re-triangulariza‐
tion of the admittance matrix during the normal operation of 
the converter and restricts it only to the rare occasions of con‐
verter blocking. Mathematical derivation of the model is car‐
ried out using differential equations of the converter. The com‐
putational efficiency and accuracy of the proposed model are 
confirmed by comparison of the results from its implementation 
in the PSCAD/EMTDC simulator against conventional detailed 
switching models and measurements from a single-phase scaled-
down laboratory setup. This paper also shows a case study 
wherein a converter with partially-integrated batteries is includ‐
ed in the CIGRE B4-5 benchmark system.

Index Terms——Battery energy storage system, equivalent mod‐
el, electromagnetic transient simulation, modular multilevel con‐
verter.

I. INTRODUCTION 

ESCALATING deployment of renewable energy resourc‐
es has made modern power grids more vulnerable to 

disturbances than those predominantly using synchronous 
machine-based generation [1]. The inherent variations and 
unpredictability of renewable resources pose challenges to 
the reliability of grids, voltage and frequency stability, and 
power quality [2], [3]. To address these issues, energy stor‐
age systems can be employed to mitigate the variations in 
availability, and improve power quality by providing ancil‐
lary services to the grid. Among various energy storage tech‐

nologies, battery energy storage systems (BESSs) have 
sparked considerable attention due to their fast response, 
high-power capability, long cycle lifetime, and low self-dis‐
charge rate [4]-[8].

Typically, a two- or three-level voltage source converter 
(VSC) followed by a DC-DC converter is used to interface 
the BESS with the AC grid. The DC-DC converter steps up 
the battery voltage to that of a common DC collector bus; 
the VSC then converts the DC bus voltage to the voltage re‐
quired by the AC grid. This type of integration is extensive‐
ly examined in [9], [10]. Nevertheless, two- or three-level 
VSCs fall short compared with the family of modular multi‐
level converters (MMCs), as MMCs offer critical benefits 
such as modularity, scalability, low harmonics, and reduced 
switching losses [11], [12], thanks to their usage of building 
blocks known as sub-modules (SMs).

The concept of integration of BESSs into MMCs was first 
introduced in [13] wherein all SMs are equipped with 
BESSs via a bi-directional DC-DC converter. Concentrating 
on the potential of MMCs with full battery integration, [14] 
explores the converter by deriving an expression for circulat‐
ing current to address reactive power compensation and recti‐
fy asymmetries in the AC grid voltage. In [15], control algo‐
rithms are devised to balance the state of charge of the bat‐
teries in MMCs with partially-integrated BESSs (MMC-
BESSs), with corresponding limits on gains set. MMCs with 
full integration of BESSs, however, might be neither neces‐
sary nor cost-effective in high-voltage DC (HVDC) applica‐
tions where a considerable number of SMs are present while 
only a small fraction of the capacity of the converter is re‐
quired for ancillary services that require energy storage. 
Hence, MMC-BESSs emerge in which only a subset of SMs 
in each arm are supplemented with batteries. For example, 
[16] presents a converter in which the installed energy stor‐
age is 10% of the total rated power of the converter. MMC-
BESSs combine the benefits of properly-sized energy stor‐
age with the quality and controllability of an MMC for high-
power applications.

Computer simulation of MMCs, in general, and MMC-
BESSs, in particular, is a challenging task using electromag‐
netic transient (EMT) simulators if models are constructed 
with topological connections of individual power electronic 
switches and passive elements. This is known as a detailed 
switching model (DSM). In EMT simulations, the electrical 
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circuit is initially transformed into a companion network con‐
sisting of conductances and current sources, and subsequent‐
ly solved to determine node voltages at each time step [17]. 
Simulating power electronic converters necessitates re-inver‐
sion of the admittance matrix at every switching event. Con‐
sequently, employing the DSM method results in large admit‐
tance matrices for MMC-type converters, which must be 
modified and inverted whenever the state of even a single 
switch changes. As a result, simulating MMCs with DSM 
presents significant and prohibitive challenges in reducing 
computation time [18]. The admittance matrix of a network 
with MMC-BESS is even larger and must be modified and 
inverted very frequently, as the associated DC-DC converters 
are operated with high frequency [19]. Thus, DSMs are typi‐
cally employed for MMCs with a small number of SMs [20].

To overcome this major disadvantage, detailed equivalent 
models (DEMs) have been introduced, which offer dramatic 
computational efficiency while retaining the same level of 
accuracy as DSMs. This is commonly achieved by replacing 
each arm of the MMC with a Thevenin or Norton equivalent 
circuit, which reduces hundreds of nodes to two or three. In 
[18], a method is introduced that relies on partitioning the 
admittance matrix of the system and deriving an efficient 
time-varying Thevenin equivalent circuit for the stack of 
SMs in conventional MMCs. Similar approach is taken in 
[21] while enhancing accuracy of the model during DC 
faults. For MMCs with full integration of BESSs, the stack 
of SMs is lumped to a Thevenin equivalent circuit with a 
time-varying resistor [19], [22]. A computationally efficient 
equivalent model of current source MMC is derived in [23], 
where each arm of the converter is aggregated to a Norton 
equivalent circuit with two nodes by eliminating internal in‐
termediate nodes.

It must be noted that even with a DEM the network admit‐
tance matrix (albeit a much smaller one than that of a DSM) 
must still be re-factorized at every switching instant because 
the Thevenin (or Norton) equivalent resistor of the arm cir‐
cuit varies with time depending on the switching signal of 
each SM [24]. Therefore, it is evident that avenues for im‐
provement of the computational efficiency of DEMs exist.

This paper develops a novel DEM for MMC-BESSs. An 
equivalent voltage source is developed that, combined with 
one insulated gate bipolar transistor (IGBT) and two diodes, 
represents the MMC’s arm stack in normal and blocked op‐
eration modes. The value of the voltage source is obtained 
through differential equations with the voltages of SM capac‐
itors and currents of inductors of DC-DC converters as the 
state variables. The role of the included IGBT is to switch 
between normal and blocked modes of the converter. Two di‐
odes serve as an equivalent half-bridge diode rectifier during 
blocking with no impact during normal operation. In the der‐
ivation of the proposed DEM, both the Euler and trapezoidal 
integration methods are used to achieve a constant admit‐
tance matrix for the converter to circumvent frequent re-fac‐
torization during normal operation, thus achieving significant 
computational efficiency improvement. Matrix re-inversions 
in the proposed DEM are only limited to rare events when 
the converter is blocked, e.g., in a DC fault.

The proposed model is well-suited for system-level analy‐
ses, particularly when examining the behavior of MMC-
BESS within interconnected systems. State variables such as 
capacitor voltages and inductor currents are accessible in full 
detail and can be leveraged for control purposes. Additional‐
ly, the developed EMT model can aid in designing and siz‐
ing individual components for specific applications. Howev‐
er, this model does not account for switching power losses, 
as detailed physical characteristics of power electronic 
switches are not considered, thus excluding conduction and 
switching losses from the analysis.

The paper proceeds with continuous-time modeling of the 
stack of SMs in Section II, and model discretization in Sec‐
tion III. Section IV describes the DC-DC converter control. 
A simulation case study of the converter is presented in Sec‐
tion V. Computational efficiency of the proposed model is 
studied in Section VI. The accuracy of the proposed model 
is verified against experimental results in Section VII, fol‐
lowed by the conclusion in Section VIII.

II. CONTINUOUS-TIME MODELING OF STACK OF SMS 

Figure 1(a) shows a three-phase MMC-BESS with the 
stack of SMs and arm inductors in the upper and lower 
arms. The stack of SMs consists of two SM types: those 
with a battery and a DC-DC converter (BESS-SMs) and 
those with conventional SMs (CONV-SMs), as shown in 
Fig. 1(b) and (c), respectively. The aim of the proposed mod‐
el is to represent the stack of SMs with a computationally ef‐
ficient model; once obtained, each arm stack is then connect‐
ed to the arm inductors and the rest of the system using con‐
ventional EMT models.

The total number of SMs in each arm is N, out of which 
there are M BESS-SMs. In both SM types, the main switch 
cell is a half-bridge (HB) arrangement consisting of two 
switches denoted as T1 and T2 in Fig. 1(b) and (c). The on-
state resistance of these switches is denoted as Ron. Each SM 
has a capacitor with a capacitance of Csm and leakage resis‐
tance of RCsm that retains an instantaneous voltage vCsm. The 
current of the CONV-SM capacitor has only one component, 
i. e., iCarm (coming from the right side), while the BESS-SM 
capacitor current is composed of two components, i. e., iCarm 
and iCbat (coming from the left side). Current iCarm is in fact 
the arm current iarm switched by the main switch cell, and 
iCbat is the current provided by BESS. Each arm consists of 
an arm inductor with the inductance of Larm. The voltage pro‐
duced by each SM is denoted as vsm. Note that all variables 
such as vCsm and iarm may be expressed as functions of time 
using the notation (t ) after the variable to represent their in‐
stantaneous values at time t throughout the paper.

To increase the battery voltage vb to the level required for 
the SM capacitor, a boost converter is used. The converter 
must facilitate bidirectional energy transactions between the 
battery and the terminal power system. For this purpose, a 
bidirectional boost converter is considered. The boost con‐
verter is composed of a SM inductor Lsm with series resis‐
tance of RL that carries the current iL and a switch cell con‐
taining IGBTs Q1 and Q2 with respective anti-parallel diodes.
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A. Modeling for Normal Operation

In this subsection, the arm stack is modeled in the normal 
mode for which the main SM switch cells are operated ac‐
cording to modulation waveforms and switching strategy of 
choice. A circuit analysis approach is adopted to derive the 
equivalent circuit of the arm stack. For this purpose, the 
switch cells, i.e., the main SM switch cell or the boost con‐
verter’s switch cell in the DC-DC boost converter, are mod‐
eled using a combination of dependent voltage and current 
sources, and then they are replaced with their equivalents.
1)　Main SM Switch Cell

The main SM switch cell is shown in Fig. 2(a), wherein 
switches T1 and T2 are operated in a complementary manner. 
If the switching function s (t ) of the main switch cell is de‐
fined as (1), the SM voltage vsm and the current iCarm can be 
written as (2).

s (t ) = {1 T1: onT2: off

0 T1: offT2: on
(1)

ì
í
î

ïïvsm( )t =Roniarm( )t + s ( )t vCsm( )t
iCarm( )t = s ( )t iarm( )t (2)

Ron is considered to be the same for IGBTs and anti-paral‐
lel diodes, as is commonly done in EMT-type models. Equa‐
tion (2) offers a dependent-source representation of the cell, 
as indicated in Fig. 2(b).

2)　Switch Cell in DC-DC Boost Converter
The switch cell in the DC-DC boost converter is shown in 

Fig. 3(a). With a switching function q (t ) for Q1 and Q2 de‐
fined as (3), the voltage and current relationships at the ports 
of the switch cell can be written as (4).

q (t ) = ì
í
î

1 Q1: onQ2: off

0 Q1: offQ2: on
(3)

ì
í
î

ïï

ïï

vQ1( )t =R'oniL( )t + ( )1 - q ( )t vCsm( )t
iCbat( )t = ( )1 - q ( )t iL( )t

(4)

where R'on is the on-state resistance of a DC-DC boost con‐
verter switch; and vQ1 is the voltage across switch Q1. This 
leads to the representation of the switch cell with dependent 
sources, as shown in Fig. 3(b).

By replacing the two switch cells with their dependent-
source equivalent models, a BESS-SM and a CONV-SM can 
be represented as shown in Fig. 4(a) and (b), respectively.

To obtain a computationally-efficient admittance matrix-
based EMT simulation model, the equivalent circuits of SMs 
in Fig. 4 are further reduced to only one voltage source in 
series with a resistor by replacing other circuit elements us‐
ing algebraic and differential equations that govern those ele‐
ments. These equations are interfaced with the nodal-analy‐
sis solution of the network. 

(a)

-+ svCsm

Ron iarm

siarm

iCarm

Csm
+

-
vCsm

Larm

-

iarm
+

iCarm

Larm
Csm

+

-

vCsm

vsm

T1

T2

(b)

Fig. 2.　Main SM switch cell. (a) Main SM switch cell. (b) Model of main 
SM switch cell with dependent sources.
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(b)

-+ Csm
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-
vCsm

iCbatiLLsm

(1 − q)vCsm

R′on

(1 − q)iL

Fig. 3.　Switch cell in DC-DC boost converter. (a) DC-DC boost converter 
switch cell. (b) Model of DC-DC boost converter switch cell with depen‐
dent sources.
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Fig. 1.　Circuit topology of MMC BESS. (a) Three-phase MMC-BESSs. 
(b) BESS-SM. (c) CONV-SM.
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Figure 5 depicts the equivalent model that shows two SM 
types, each involving only three nodes (two terminal nodes 
and one internal node between the dependent voltage source 
and the equivalent resistance).

By connecting SM models together, the equivalent arm 
model of a MMC-BESS is achieved, as illustrated in Fig. 6, 
in which vstack is the total voltage produced by stack of SMs. 
This model is valid only for the normal operation mode in 
which the main switches in each SM, i. e., T1 and T2, are 
switched in a complementary manner. Note that vector alge‐
bra is used in the derivation of arm model in Fig. 6. It must 
be noted that two types of vector multiplication are used in 
this model. The first one is the dot product (denoted by “×”), 
which returns a scalar value equal to the sum of the prod‐
ucts of the corresponding entries of two vectors. The second 

one is a product without dot notation that gives a vector 
whose elements are achieved by multiplication of the corre‐
sponding entries of two (or more) vectors. The definitions of 
the vectors in Fig. 6 are expressed in (5) - (10), where 1 is 
the ones vector, s (t ) is the SM switching vector, q (t ) is the 
DC-DC switching vector, vCsm (t) is the vector of SM capaci‐
tor voltages, iL (t) is the vector of DC-DC inductor currents, 
and vb (t) is the vector of battery voltages. In these equa‐
tions, numbered subscripts denote the variable in the respec‐
tive SMs, either CONV-SMs or BESS-SMs.

1 =
é

ë

ê
êê
ê
ê
ê
   111

N

ù

û

ú
úú
ú
ú
ú

T

(5)

s (t ) =
é

ë

ê
êê
ê
ê
ê
           s1( )t s2( )t sN( )t

N

ù

û

ú
úú
ú
ú
ú

T

(6)

q (t ) =
é

ë

ê
êê
ê
ê
ê
            q1( )t q2( )t qM( )t

M

   111
N -M

ù

û

ú
úú
ú
ú
ú

T

(7)

vCsm (t)=
é

ë

ê
êê
ê
ê
ê
                 vCsm1( )t vCsm2( )t vCsmN( )t

N

ù

û

ú
úú
ú
ú
ú

T

(8)

iL (t)=
é

ë

ê
êê
ê
ê
ê
             iL1( )t iL2( )t iLM( )t

M

   000
N -M

ù

û

ú
úú
ú
ú
ú

T

(9)

vb (t)=
é

ë

ê
êê
ê
ê
ê
             vb1( )t vb2( )t vbM( )t

M

   000
N -M

ù

û

ú
úú
ú
ú
ú

T

(10)

B. Modeling for Blocked Mode

When the converter is blocked, e.g., during a DC fault, all 
IGBTs are turned off and only the freewheeling diodes con‐
duct the current. By adopting a similar circuit-based ap‐
proach, the blocked-mode models of the BESS-SM and 
CONV-SM are obtained, as shown in Fig. 7(a) and (b), re‐
spectively. It is worth noting that these circuits resemble 
those in Fig. 4 except that siarm is replaced with iCarm.

The same procedure is followed to transform the derived 
circuits to differential equations, as shown in Fig. 8.

(a)

Cv sm

+

-
Csm RCsm

siarm

Ron

-+ svCsm

iarm
+

-

vsm

CONV-SM

(b)

RL+Ron

vb

iL Lsm

-+(1-q)vCsm (1-q)iL Csm
+

-
vCsm RCsm

siarm

Ron

-+ svCsm

iarm
+

-

vsm

BESS-SM

'

Fig. 4.　Normal mode model of SM with dependent sources. (a) BESS-SM. 
(b) CONV-SM.

(a)

(b)

State-space equation

CONV-SM

Ron

iarm
+

-

Csm
dvCsm
dt

=
vCsm
RCsm

+ siarm-
vsm

s(t)

-+ svCsm

BESS-SM

s(t)

-(1 q) vCsm + vb

vb(t) q(t)

Lsm
diL
dt
= -

Csm
dvCsm
dt

=
1
RCsm

vCsm +-

-

iL + siarm(1 q)-

RL + Ron iL( )'

State-space equations

svCsm

Ron

iarm
+

-

vsm

-+

Fig. 5.　Normal mode model of SM represented by differential equations. 
(a) BESS-SM. (b) CONV-SM.

Arm

Ron

s vCsm

iarm
+

vstack

vb(t) s(t) q(t)

-

Lsm
diL
dt
= -

Csm
d
dt

=
RCsm

+-

-RL + Ron iL( )'

-+

State-space equations

vCsm vCsm

(1 q) iL + siarm-

-(1 q )vCsm + vb

·

Fig. 6.　Model of MMC-BESS arm during normal operation with differen‐
tial equations.
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In the blocked mode, each SM is a half-wave diode rectifi‐
er and hence series connected SMs may be considered as 
one equivalent half-wave rectifier. The model of the arm 
stack circuit is readily realized by series connection of all 
SMs and using vector notation, as indicated in Fig. 9.

C. Generalized Arm Stack Model

The equivalent circuits of the converter arm of an MMC-
BESS for normal and blocked modes of operation can be 
amalgamated into a single circuit by adding an extra con‐
trolled switch with an on-state resistance of Ron and two di‐
odes. This is illustrated in Fig. 10, where the controlled 
switch is turned on/off using the blocking signal. As long as 
the arm operates in normal mode, the switch is turned on 
and, along with the anti-parallel diode, it inserts the equiva‐
lent voltage source into the path of the current. 

In the blocked mode of operation, the controlled switch is 
turned off and the circuit becomes a HB diode rectifier. The 
operation modes are determined according to the blocking 
signal defined as follows.

ì

í

î

ïïïï

ïïïï

b ( )t = {0 normal mode
1 blocked mode

b̄ ( )t = 1 - b ( )t
(11)

Some parameters and variables of the circuit in Fig. 10 
must be modified through a selector function whose purpose 
is to switch between the normal and blocked modes. This is 
done via the following vector function with the same length 
as the ones introduced in (5)-(10).

sb(t ) = b̄ (t ) s (t ) + b (t )1 (12)

III. MODEL DISCRETIZATION

In this section, the governing equations of the arm stack 
derived in Section II are discretized for the purpose of time-
domain simulation with a fixed time step. Depending on the 
integration method used in the discretization process, there 
will be different EMT models for the arm of the converter 
with varying accuracy and numerical stability properties. 
The trapezoidal rule of integration is widely used in EMT 
modeling applications. In the context of an MMC with pa‐
tially-integrated BESS, however, using the trapezoidal rule 
yields a time-varying Thevenin resistor in the discretized 
model of the dependent voltage source in Fig. 10. This is 
due to the fact that the value of the dependent voltage 
source is related to its current at the present time step, i.e., 
iCarm(t ). The value of the Thevenin resistance, on the other 
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+
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Fig. 7.　Blocked mode model of SM with dependent sources. (a) BESS-
SM. (b) CONV-SM.
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Fig. 8.　Blocked mode model of SM represented by differential equations.  
(a) BESS-SM. (b) CONV-SM.
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hand, varies with the switching functions s (t ), which, in 
turn, necessitates re-triangularization of the admittance ma‐
trix every time a switching event occurs. Utilizing the trape‐
zoidal integration method during the discretization process, 
the equivalent Thevenin resistance of the arm in normal 
mode, as expressed in the following equation, comprises the 
on-state resistance of all switches, along with the summation 
of companion resistances associated inserted capacitors.

R th =NRon + ( Dt
2Csm

RCsm ) ´ 1 × s (t ) (13)

where Dt denotes the integration time step. In order to over‐
come this major computational drawback, the terms with 
iCarm(t ) are discretized with Euler’s method of integration, 
which expresses the integral as a function of the integrand at 
the previous time step, i. e., iCarm(t -Dt ). Note that other 
terms such as iL(t ) and vb(t ), which do not contribute to cre‐
ation of the time-varying Thevenin resistance, are discretized 
with the trapezoidal integration method. The resulting dis‐
crete-time model for the arm of the converter is shown in 
Fig. 11, in which the intermediate variables gL, rC, kL, kC, 
det, A, B, C, D, W, X, Y, and Z are explicitly summarized 
in following equations.

gL =
Dt

2Lsm
(14)

rC =
Dt

2Csm
(15)

kL = gL(RL +R'on ) (16)

kC =
rC

RCsm
(17)

det = (1 + kL ) (1 + kC )1 + gLrC(1 - q (t ) ) (18)

A = (1 - kL ) (1 + kC )1 - gLrC(1 - q (t ) ) (1 - q (t -Dt ) )   (19)

B = (1 + kL ) (1 + kC )1 + gLrC(1 - q (t ) ) (20)

C = rC((1 + kL ) (1 - q (t -Dt ) ) + (1 - kL ) (1 - q (t ) ) )   (21)

D = (1 + kL ) (1 - kC )1 - gLrC(1 - q (t ) ) (1 - q (t -Dt ) )   (22)

W = gL(1 + kC )1 (23)

X =-2gLrC(1 - q (t ) ) sb(t -Dt ) (24)

Y = (1 + kL ) (1 + kC )1 + gLrC(1 - q (t ) ) (25)

Z = gLrC(1 - q (t ) ) (26)

Note that except for the dot notation for dot products, all 
other mathematical operations such as addition, multiplica‐
tion, and division are performed element-wise on arrays. Evi‐
dently, there is no term including iCarm(t ) in the expansion of 
the product sb(t ) × vCsm( )t  that could have otherwise been 
manifested as an external Thevenin resistor.

It is also worth mentioning that the value of the voltage 
source in Fig. 11 is known at the present time and can be 
found from the previous values of the states. Hence, the sym‐
bol of an independent voltage source is used in the figure.

Note that in addition to terminal voltage and current of 
stack of SMs, all other state variables such as SM capacitor 
voltages and BESS inductor currents are fully accessible dur‐
ing simulation.

The accuracy of the model utilizing the mixed integration 
method remains unaffected for simulation of MMCs, as dem‐
onstrated in [24], despite theoretical superiority of the trape‐
zoidal method over Euler’s method.

IV. DC-DC CONVERTER CONTROL 

DC-DC converters are usually used to obtain a stabilized 
output voltage from a given input DC voltage. The regulated 
DC output voltage is achieved by modulating the widths of 
the pulses by which the switches turn on and off. This meth‐
od is called pulse width modulation (PWM) wherein the du‐
ty cycle, as a controlling signal, is compared with a high-fre‐
quency saw-tooth carrier to generate the gate pulses. In a 
well-controlled converter, the output voltage is regulated re‐
gardless of the loading and variations in the input voltage. 
However, in the proposed topology, the output voltage of the 
DC-DC converter, i.e., the voltage of the SM capacitor, shall 
remain within a limited range for proper operation of the 
MMC. If the total DC voltage across the HVDC link is Vdc, 
the average voltage of each capacitor will be around Vdc /N 
regardless of the presence of BESS in some sub-modules. 
On the other hand, the input port of each DC-DC converter 
is connected to a battery, which is a voltage source in es‐
sence. Therefore, in the DC-DC converter under examina‐
tion, both the input and output ports of each converter func‐
tion as DC voltage sources. This implies that the duty cycle 
must remain constant if the converter is considered ideal. 
Even when considering non-idealities such as the series resis‐
tance of the inductor and the on-state resistance of the 
switches, the range within which the duty cycle can vary is 
small, thus preventing any substantial control via duty cycle 
adjustments. In such circumstances, current-control tech‐
niques can be employed to regulate the DC-DC converter. In 
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Fig. 11.　Discretized model of converter arm using trapezoidal and Euler’s 
integration methods.
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this scenario, the inductor current serves as an independent 
variable, enabling the regulation of the power transfer to or 
from each battery.

The method used in this paper is the peak current mode 
(PCM) control [25] wherein the peak of the inductor current, 
which is the same as the peak of the switch current, is 
bounded. The circuit diagram of PCM control method of DC-
DC converter is illustrated in Fig. 12. In this circuit, the ris‐
ing edge of the clock pulse with the switching period of Ts 
sets the SR-latch and turns on Q1. Consequently, the induc‐
tor current starts to rise until it reaches the given peak value 
ictrl when the comparator resets the SR-latch; this turns on 
Q2 and causes the inductor current to fall until the next ris‐
ing edge of the clock pulse is issued which starts the next 
period of switching. It is worth mentioning that a hysteresis-
type current controller may also be used to regulate the in‐
ductor current that yields similar effects on the overall sys‐
tem performance provided that the inductor current ripple 
component is neglected. However, the switching frequency 
is not constant as in PCM control and may vary depending 
on the state of batteries and the converter.

V. SIMULATION CASE STUDY 

In this section, the proposed model DEM is used in EMT 
simulation of a large HVDC system to demonstrate the func‐
tionalities of the MMC-BESS. The case study focuses main‐
ly on the converter-level responses and waveforms, and an‐
cillary services such as inertial support are not demonstrated. 
The CIGRE B4-57 MMC-HVDC grid [26], [27] with four 
MMC stations B2, B3, E1, and F1, as shown in Fig. 13, is 
considered. Each station includes an MMC (comprising HB 
SMs) with a rated AC voltage of 220 kV connected to an ex‐
ternal AC system via a transformer with the respective turns 
ratio. All the converters share a common DC voltage rated at 
400 kV through HVDC transmission lines (TLs) and cables. 
Nearest level control (NLC) [28] is used to generate firing 
pulses for the IGBTs in all converter stations. Furthermore, 
circulating current suppression control (CCSC) [29] is added 
to the control circuit of each station for elimination of the 
second-order harmonics in arm current. Table I highlights 
specifications of the converters in each station.

The dq reference frame theory [30] is employed as the 
main control scheme in each station, which is shown in Fig. 
14. In Fig. 14, P represents the active power, Q represents 
the reactive power, and Vdc represents the DC voltage. The 
quantities Vabc and iabc correspond to the three-phase voltages 
and currents, respectively, while θ is the phase angle mea‐
sured by the phase-locked loop (PLL). Additionally, Vac - rms 
denotes the root mean square (RMS) voltage on the AC 
side, and id, iq, vd, and vq are the direct and quadrature com‐
ponents of the three-phase currents and voltages, respective‐
ly. All variables with a superscript * indicate their corre‐
sponding reference values. However, generation of the refer‐
ence dq currents and/or voltages varies from station to sta‐
tion. At bus CmE1, the voltage magnitude and frequency are 
regulated since it operates in the islanded mode with a fixed 
load on its AC side. The bus CmF1 is a P/Q-controlled bus 
whose reference dq currents are produced by outer loops reg‐
ulating the active and reactive power with respective refer‐
ence values. Both buses CmB2 and CmB3 are PV/Q-con‐
trolled with the same strategy used in the bus CmF1 except 
that the reference active power is augmented by the DC volt‐
age deviation from its rated value multiplied by a droop co‐
efficient so that the DC voltage drops as DC power deliv‐
ered towards the DC hub is increased.

B3

CmB3

380 kV
50 Hz
PV/Q control

BmB3

B2

CmB2

380 kV
50 Hz
PV/Q control

BmB2

BmB5 BmF1
F1
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145 kV
50 Hz
P/Q control

E1
CmE1

V/f control
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200 km
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200 km

99 MW
0 Mvar

380 kV/220 kV
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Fig. 13.　CIGRE B4-57 MMC-HVDC grid with four MMC stations.
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Fig. 12.　Circuit diagram of PCM control of DC-DC converter.
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The control of BESS is largely independent from the con‐
trol modes of the MMC due to two main reasons. Firstly, 
the DC voltage regulation is managed by the MMC, which 
incorporates sorting and balancing algorithms. BESS does 
not engage in this control mode as it does not attempt to reg‐
ulate sub-module voltage via feedback control loops. Second‐
ly, reactive power and/or AC voltage are regulated either by 
modulation index or the imaginary component of the current 
in the decoupled dq reference frame, with BESS integration 
exerting minimal influence on this control mode. Active 
power is the sole variable modulated by the injection or ab‐

sorption of battery power. The adjustment of battery power 
commands (or battery current) is then dictated by the chosen 
control function, which may originate from frequency con‐
trol or inertial support mechanisms.

The converter F1 is equipped with BESS. It consists of 
200 HB SMs, half of which are upgraded to include batter‐
ies and DC-DC converters. For simplicity, the battery is 
modeled with a DC voltage behind an internal resistor with 
values of 1.2 kV and 1.0 mΩ, respectively. DC-DC convert‐
ers are operated under the PCM control wherein the peak 
current is determined based on the power command, to be ei‐
ther injected or absorbed, and battery’s specifications. Note 
that the peak current is approximately the same as the bat‐
tery’s average current thanks to the relatively high-induc‐
tance reactor of the DC-DC converter. The DC-DC convert‐
er’s inductor is 0.1 H with series resistance of 1.0 mΩ, 
which is switched with the frequency of 2 kHz. All simula‐
tions are executed with the time step of 10 μs.

A. Injection and Absorption of Power by Batteries

Initially, the converter F1 delivers 500 MW to the DC 
side without drawing active power from the batteries. Once 
steady state is achieved, a demand for 72 MW of power 
from the batteries is initiated at t = 2 s, while maintaining the 
power command of the AC system at bus CmF1 at 500 MW, 
along with other AC buses. Subsequently, at t = 3 s, the bat‐
teries are instructed to charge with the same power. Figures 
15, 16, and 17 depict the DC voltage, power at the DC ter‐
minals of the four converter stations, and the total battery 
power at the converter F1, respectively. Despite operating in 
both charging and discharging modes, the DC voltage at 
each bus remains within a range of 0.025 p.u.. However, the 
DC power varies based on the bus type and control mode of 
each station. While the DC power aligns with the power 
command from the batteries at the bus BmF1, the power at 
the bus BmE1 remains constant due to its fixed AC-side 
load. Consequently, the surplus power from the batteries, ei‐
ther +72 MW starting at t = 2 s or -72 MW starting at t = 3 
s, is distributed among stations CmB2 and CmB3 according 
to their respective power/voltage droop characteristics.

B. Arm-level Waveforms

Figure 18 shows the arm currents and the average SM ca‐
pacitor voltages in the top and bottom arms of the MMC-
BESS. These waveforms are taken while the batteries are 
charged with the peak current order of 100. Note that the dif‐
ferential current, which is the same as AC terminal current, 
exhibits sinusoidal behavior. 

TABLE I
SPECIFICATIONS OF CONVERTERS

Converter

B2

B3

E1

F1

Rated 
power 
(MW)

800

1200

200

800

BESS 
included

No

No

No

Yes

Number 
of CONV-

SMs

200

200

200

200

Number 
of BESS-

SMs

0

0

0

100

SM 
capacitance 

(mF)

10.0

15.0

2.5

10.0

Capacitor 
leakage resis‐
tance (MΩ)

10

10

10

10

Switch on 
resistance 

(mΩ)

1

1

1

1

Arm 
inductance

 (mH)

29

19

116

29

Transformer 
voltage ratio 

(kV/kV)

380/220

380/220

145/220

145/220

Transformer 
leakage reac‐
tance (p.u.)

0.18

0.18

0.18

0.18

Transformer 
copper loss 

(p.u.)

0.006

0.006

0.006

0.006

Q-control

Vac-control

P-control
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d/dt
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*
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Fig. 14.　Control block diagram of MMC.
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Conversely, the circulating current is constant. Thus, the 
arm currents are nearly completely sinusoidal with a DC off‐
set because of the operation of the circulating current sup‐
pression controller.

It is also noted that the average voltages across capacitors 
of CONV-SMs and BESS-SMs are slightly different due to 
the inherent topological asymmetry.

C. Response of Battery Currents

The steady-state current waveforms of sample batteries 
from the top and bottom arms are depicted along with the 
commanded peak current in Fig. 19. As shown in Fig. 19, 
the battery current (which is the same as the inductor current 
of DC-DC converter) rises up at the beginning of a switch‐
ing period until it reaches the commanded peak current (100 
A in this case). Reaching the peak value, the inductor cur‐
rent starts to fall until the next switching period starts. It is 
evident that the average inductor current (99 A in this case) 
is close to the peak current and the difference is often ne‐
glected.

The transient responses of the battery (inductor) currents 
to a step change in the commanded peak current from 100 A 
to -100 A are shown in Fig. 20 for two representative batter‐
ies. They both quickly settle into the requested steady state, 
with a settling time that is influenced by the inductance of 
DC-DC converter.

D. Pole-to-pole (PTP) DC Fault

At t = 2 s, a PTP DC fault is applied at the bus BmF1. 
The fault is detected when the magnitude of DC current ex‐
ceeds 6 kA, and a blocking signal is issued after 30 μs. Sub‐
sequently, after 2 cycles (40 ms), the AC-side breakers open. 
This blocking and tripping scheme is implemented for all sta‐
tions. Figure 21 illustrates the DC current of each converter. 
It is important to note that the measured current direction is 
toward the DC hub. 
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It is evident that the current increases immediately after 
the fault occurrence. Subsequently, all converters are 
blocked, while the AC breakers have not yet disconnected 
the stations from their AC sides. Consequently, the AC sides 
contribute to the DC fault current, as depicted in Fig 22. 
However, it is worth mentioning that the AC side of convert‐
er CmE1 does not contribute to the fault current since it op‐
erates in islanded mode, with a passive load on its AC side.

VI. COMPUTATIONAL EFFICIENCY OF PROPOSED MODEL 

This section studies computational efficiency of the pro‐
posed model. The performance of the proposed model is 
compared against that of DSM wherein the MMC-BESS is 
built with individual switching elements, i.e., IGBTs, diodes, 
and passive elements. 

A three-phase MMC with fully-integrated BESS supplying 
a three-phase RL load is considered, as shown in Fig. 23. 
The simulation is carried out by changing the number of 
SMs in each run. Note that the peak current is set to be zero 
and the SM capacitance is updated so that the equivalent 
arm capacitance Carm =Csm /N remains constant at 600 µF. 
The battery voltage is also modified for each case so that 
the ratio of the battery voltage to that of the SM capacitor is 
kept constant at 0.6. The inductance and switching frequen‐
cy of the DC-DC converter are set to be 9 mH and 1 kHz, 
respectively. Each case is simulated for 1 s with the time 
step of 50 µs in the PSCAD/EMTDC simulator on a comput‐
er with Intel Core i7-12700 2.10 GHz CPU and 32 GB in‐
stalled RAM. To remove the impact of plotting on the CPU 
run time, all graphs are removed after having validated the 
accuracy of waveforms. Figure 24 shows the CPU run time 
versus the number of SMs for the DSM and the proposed 
DEM. It is evident that the run time grows exceedingly large 
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with the number of SMs for DSMs while it stays essentially 
constant for the proposed model. Practical MMC-BESS cir‐
cuits will have considerably larger SM counts, so that the 
computational efficiency of the proposed model is anticipat‐
ed to be orders of magnitude compared with this illustrative 
example, which is better than a DSM for practical MMC-
BESSs.

VII. EXPERIMENTAL VALIDATION 

Presently there is no commercially available DEM for the 
MMC-BESS that could be used for accuracy cross-valida‐
tion. Thus, this section validates the accuracy of the proposed 
model by comparing its results against those obtained from a 
down-scaled single-phase prototype of an MMC-BESS. Figure 
25 depicts the schematic diagram of the developed test-bed 
shown in Fig. 26. In Fig. 25, R load and Lload are the load resis‐
tance and inductance, respectively. Table II shows the specifi‐
cations and parameters of the experimental setup.

The NLC method for pulse generation is used for firing 
the switches in each arm. For sorting and balancing of capac‐
itor voltages as well as measurement and monitoring, wave‐
forms including arm currents, SM capacitor voltages, battery 
voltages, and battery currents are measured and interfaced 
with the signal measurement unit through analog-to-digital 
conversion. 

The gate pulses for all switches are then generated and 
sent back to the MMC-BESS hardware via PWM generation 
platform. A 1 kHz anti-aliasing filter is used for each low-
frequency analog signal in order to eliminate the noises asso‐
ciated with analog-to-digital conversion.

A model of the experimental setup is built in the PSCAD/
EMTDC simulator using the proposed model. The simula‐
tion time step is set to be 10 µs. Figures 27 and 28 compare 
low-frequency steady-state waveforms from the experimental 
setup against those produced by the proposed model for two 
battery current commands Ictrl = 1 A (discharging) and Ictrl =
-0.8 A (charging), respectively.
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The comparison clearly shows that both simulation and ex‐
perimental waveforms follow each other closely. Note that 
RMS errors calculated for voltage and current waveforms of 
Figs. 27 and 28 are less than 0.5% and 10%, respectively. 
The higher error in current measurement stems from two rea‐
sons. Firstly, it is impractical to precisely adjust the power 
supply for the hall effect sensor to obtain an exact value. 
Secondly, the arm and load inductors are not accurately mea‐
sured and modeled. These components exhibit nonlinearity, 
and their inductance varies with current. However, in the 
simulation, they are treated as fixed linear inductors.

The transient responses of the DC current to step changes 
in the reference peak current are also shown in Fig. 29. In 
this experiment, the DC current is achieved by passing the 
circulating current into a first-order filter with a time con‐
stant of 0.1 s to eliminate the second- and higher-order har‐
monics. As shown in Fig. 29, the DC current decreases 
when the reference peak current of the battery (or inductor) 
is increased and vice versa. Furthermore, the results of simu‐
lations and experiments show excellent conformity.

VIII. CONCLUSION

A novel detailed equivalent model was introduced for 
EMT simulation of MMCs with partially-integrated BESS. 
The proposed model offers significant reductions in computa‐
tional load by diminishing the number of nodes that are in‐
terconnected to other nodes in the structure of the MMC. Ex‐
cept when blocking is invoked, the proposed model elimi‐
nates time-varying electrical conductances, thereby avoiding 
re-factorization of the admittance matrix; this further helps 
its computational efficiency. State variables such as SM ca‐
pacitor voltages and DC-DC inductor currents are also com‐
puted and are accessible for control purposes such as NLC 
modulation and battery current control. To study the perfor‐
mance of the MMC-BESS, the PCM control strategy is intro‐
duced by which the battery current, and hence its power is 
controlled with a simple circuitry. Different operation modes 
such as charging, discharging, and idle modes can be 
prompted by adjusting the peak current to a positive value, 
negative value, and zero, respectively. 
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Fig. 27.　Low-frequency steady-state waveforms with Ictrl = 1 A (discharg‐
ing). (a) Top arm current. (b) Bottom arm current. (c) Sum of top capacitor 
voltages. (d) Sum of bottom capacitor voltages. (e) Terminal voltage. (f) 
Load current.

TABLE II
PARAMETERS OF EXPERIMENTAL SETUP

Parameter

Total number of SMs per arm

Number of BESS-SMs per arm

DC link voltage (V)

SM capacitance (µF)

Modulation index

AC voltage frequency (Hz)

DC-DC converter switching frequency (kHz)

Arm inductance (mH)

DC-DC converter inductance (µH)

Load inductance (mH)

Load resistance (Ω)

Battery nominal voltage (V)

Battery capacity (Ah)

Value

8

3

200

4700

0.95

60

10

8

900

10

10.24

12

7
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Moreover, PCM adds a protection layer to limit the cur‐
rent of the battery and DC-DC converter switches. The com‐
putational advantage of the proposed model is demonstrated 
against a conventional DSM, and it is observed that orders 
of magnitude improvement in computational efficiency are 
achieved. The accuracy of the proposed model is validated 
using experimental results from a single-phase down-scaled 
version of the MMC-BESS.
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