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Abstract—Modular multilevel converters are well known in the
energy sector. Generally, their stable operation is at the expense
of numerous sensors, communication burden, and computation-
ally expensive balancing strategies that challenge their expan-
sion to cost-driven applications. Hence, introducing a sensorless
voltage-balancing strategy with a simple controller is an attractive
objective. Diode-clamped modular multilevel converters (MMCs)
offer a simple and effective solution by providing a unidirectional
balancing path between two modules through a diode. Ideally,
the modulation technique should compensate for the lack of bidi-
rectional energy transfer; hence open-loop operation is possible.
Although the sensorless operation is desirable to reduce costs, good
knowledge of the modules’ voltages for system monitoring, and
protection functions still improves operation in some applications
or is mandatory in others. However, information should not be
at the cost of additional sensors and communication bandwidth.
This article develops a compensated state-space model for diode-
clamped MMCs to estimate module voltages using an optimal
estimator without any direct measurement at module levels. The
model considers the effect of the diode-clamped branches and their
balancing effect, resulting in 30%–50% reduction in estimation
error compared to the conventional models using similar estima-
tors. Simulations and experiments further confirm the provided
analysis, where the estimator achieves >97.5% accuracy.

Index Terms—Diode-clamped modules, Kalman filter, modular
multilevel converter (MMC), sensorless voltage balancing, state-
space model, voltage estimation, voltage estimator.

I. INTRODUCTION

MODULAR multilevel converters (MMCs) are a well-
known solution in many high-voltage applications [1],
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[2]. The main practical advantages compared to other converters
are excellent harmonic performance through quantized voltage
levels, easy scalability, flexibility due to their modularity, and
fault ride-through capability [3], [4]. Such features render
MMCs particularly valuable in medium- to high-voltage appli-
cations such as high-voltage direct-current transmission, dis-
tributed generation, and the basis for energy storage systems and
solid-state transformers [5], [6]. However, despite numerous ad-
vantages, caveats still need to be addressed, of which balancing
and voltage monitoring are among the most critical ones [7], [8].

Under ideal conditions and suitable modulation strategies,
MMCs should be stable, and the capacitor voltages should
be balanced [9]. However, minor inherent differences in the
capacitances, switching behavior, and self-discharge rates of the
modules would lead to gradual divergence of the voltages if the
modules are not closely monitored or actively balanced through
additional hardware [10], [11], [12], [13], [14]. Such active
balancing is typically performed in software routines, for which
higher functional safety levels necessary for several applications
are challenging and cost-intensive [15], [16], [17]. Furthermore,
the module-level capacitance determines the dynamics of the
module voltage and its imbalance boundary; with the current
trend to reduce the module capacitance as much as possible for
cost reasons, balancing has to react faster, moving complexity
and cost from the power electronics to the peripheral systems
[18]. Fast sensors and isolated signaling as part of the monitoring
system are responsible for a large share of real-world MMC
systems [19].

Diode clamping offers self-balancing capabilities to either
add a level of hardware protection to an MMC to achieve higher
safety-integrity levels or to reduce the overall cost of the mon-
itoring system [20], [21], [22], [23]. In these topologies, extra
diode-clamping paths can create parallel connectivity between
neighboring modules if one exceeds the voltage of the other [19],
[24]. As the balancing path only has to deal with a fraction of
the load current, comparably small low-cost components can be
used.

Fig. 1 presents the simplest form of a diode-clamped topology,
with the clamping path marked in green. The clamping path
forms a balancing backbone, which can even ensure balancing
in hardware for high safety-integrity levels. Additionally, they
provide the possibility of sensorless operation or can simplify the
balancing algorithm considerably and reduce the requirements
for high-bandwidth isolated communication as well as the cost
of multiple sensors [12], [24], [25], [26].
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Fig. 1. Single-phase topology of a diode-clamped MMC.

Since the diode only conducts in one direction, the provided
balancing path is typically unidirectional [13], [27]. Although
more complex clamping topologies exist to create a physical
bidirectional balancing path [12], [21], [24], [25], additional
diodes, transformers, or even transistors defeat the primary
motivation of reduced cost and complexity [28].

A more practical approach can ensure that the required bal-
ancing direction complies with the diode conduction path [29].
Such natural balancing direction is closely related to the order
by which modules are connected and can easily be achieved
by manipulating the modulation reference of the individual
modules, such as level-adjusted phase-shifted carrier (LAPSC)
modulation without cell-sorting algorithms [12], [26], [30].
Although such methods can also achieve stable open-loop op-
eration, good knowledge of the modules’ voltages for system
monitoring and protection functions still improves operation in
some applications or is mandatory in more critical others [31].
However, higher safety or improved performance should not be
at the significant cost of hundreds of more sensors, noticeably
higher communication bandwidth, or larger capacitances [32],
[33]. Additionally, systems that can guarantee stable open-loop
operation can be less susceptible to cyberattacks such as the
ones already discussed in the literature [34]. On the other
hand, an estimator can provide module voltage information
while maintaining the costs and system complexity feasible
provided that a sufficiently accurate system model is available
[35]. However, there is no available model for diode-clamped
MMCs, and the available models for conventional MMCs lead to
suboptimal results. Therefore, as we will discuss in Section IV-B,

the state-of-the-art estimation techniques for conventional MMC
topologies known from the literature [36], [37], [38], [39], [40],
[41] achieve inferior results mainly since the available models do
not consider the effect of the clamping branch or the balancing
control in the diode-clamped MMCs.

This article develops a state-space model for diode-clamped
MMCs that considers the effect of the clamping branches and
balancing. The proposed model, in combination with an appro-
priate estimator, can provide a superior estimation of the mod-
ules’ voltages. Additionally, the developed method is compatible
with balancing strategies, such as LAPSC, can offer a more sta-
ble estimation under imbalance, and does not require any direct
measurement at the module level, considerably reducing com-
munication and measurement costs. Furthermore, we propose
a compensation technique for sampling asynchronization that
can significantly improve the estimator’s accuracy, particularly
in lower sampling rates.

The rest of this article is organized as follows. Section II
provides a brief introduction to the diode-clamped topology,
Section III studies balancing principles, and Section IV proposes
the compensated state-space model and its application with an
estimator. Simulation and experimental results in Section V
verify the performance of the proposed technique. Finally, Sec-
tion VI concludes this article.

II. DIODE-CLAMPED MMC

Fig. 1 presents the single-phase topology of the diode-
clamped MMC containing two identical arms. Multiphase struc-
tures repeat the single-phase topology [26], [42].

A. Operation of the Clamping Circuit

Each arm contains N modules, but requires only (N − 1)
clamping circuits. Each clamping circuit consists of a diode and
an inductor in series. The extremely small inductor—as low as
few microhenries and therefore with negligible core size [14],
[42]—limits the maximum balancing current in the case of high
voltage differences between the modules. As the diode should
bear only a fraction of the arm current, the cost is minimal.
The voltage across the clamping branch (vbi ) includes the diode
forward voltage drop (Vfd) and the inductance voltage (vLi

) as
well as the voltage across the parasitic resistances (vRsum ) per

vbi = Vfd + vLi
+ vRsum . (1)

Depending on the control signal of the (i+ 1)th module as
well as the module voltages, three possibilities exist, which are
depicted in Table I. When S(i+1)1 : off and S(i+1)2 : on, the
voltage across the clamping branch depends on the capacitor
voltages (Vc) following vbi = Vci+1

− Vci . IfVci+1
≤ Vci + Vfd,

the branch is open as Fig. 2(a) demonstrates (Mode 1), but if
Vci+1

> Vci + Vfd, a balancing current flows from Ci+1 to Ci

as Fig. 2(b) illustrates (Mode 2). WhenS(i+1)1 : on andS(i+1)2 :
off, the diode is reverse-biased, and, as Fig. 2(c) depicts (Mode
3), the balancing current decays to zero. Assuming negligible
resistive elements, the clamping inductor determines the decay
rate given as

diD
dt

≈ − (VCi
+ Vfd)

Li
(2)
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TABLE I
OPERATION MODES OF THE CLAMPING BRANCH

Fig. 2. Different operation modes of the diode-clamped modules.
(a) V ci+1

≤ V ci + V fd (Mode 1). (b) V ci+1
> V ci + V fd (Mode 2).

(c) S(i+1)2 turns OFF (Mode 3).

Fig. 3. Intuitive balancing process for balancing of two modules through the
clamping branch.

where iD is the clamping current.
Large imbalances between two modules can require multiple

sequences of Modes 2 and 3 until the voltage difference of
the modules is cleared (Vci+1

− Vci ≤ Vfd). Fig. 3 illustrates an
intuitive representation of this situation. The analysis can be
extended to all of the modules in an arm as following:

Vc1 + Vfd ≥ . . . ≥ Vc(N−1)
+Vfd ≥ VcN . (3)

B. Circuit Analysis

The equivalent electrical circuit when S(i+1)2 : on and
Vci+1

> Vci +Vfd is a second-order RLC circuit [24], [26].
Based on Kirchhoff’s voltage law and after some manipulations,
a second-order differential equation can be derived as

d2iD (t)

dt2
+

Rsum

Li

diD (t)

dt
+

1

LiCe
iD(t) = 0. (4)

The equivalent voltage is Vdiff = Vci+1
− Vci , and the equiv-

alent capacitance Ce = 0.5Ci = 0.5Ci+1, Rsum = RCi+1
+

RLi
+RCi

+RDi
+RS(i+1)2

is the sum of all the resistive
elements.

Applying Laplace transformation and solving it results in
system roots per

P1,2 = −Rsum

2Li
±
√

R2
sum

4L2
i

− 1

LiCe
. (5)

The equivalent resistance Rsum is comparably small; hence,
the current will be a damped oscillation which is given by

iD(t) =
Vdiff√

Li

Ce
− R2

sum
4

e−αt sinωdt (6)

where the damping factor α = Rsum
2Li

, and the frequency of the

oscillation isωd =
√

1
LiCe

− R2
sum

4L2
i

. As the diode cannot conduct

in reverse, the clamping current can only follow (6) for the first
positive half-cycle, and then it stays at zero.

Assuming the maximum permissible voltage difference be-
tween modules is Vdiff_max, the maximum current amplitude of
the diode (ID,max) follows:

ID,max ≤ Vdiff_max√
Li

Ce
− R2

sum
4

. (7)

Therefore, solving for Li, as long as the inductor follows

Li ≥
(
R2

sum

4
+

V 2
diff_max

I2D,max

)
Ce (8)

the current of diode Di is within its rating [26]. Additionally,
it is possible to reduce the diode’s current rating by increasing
the inductor’s size. However, a higher inductance value reduces
the balancing speed [14]. On the other hand, the maximum per-
missible voltage difference depends on the balancing technique,
tolerance of the capacitors, and the load current [19].

III. PHASE-SHIFTED CARRIER MODULATION

The conventional phase-shifted carrier (PSC) modulation
compares a reference waveform (modulation index) with car-
riers that are phase-shifted with respect to each other. In PSC
modulation, each carrier uniquely corresponds to one module in
the arm, and the phase shift between two successive carriers is
fixed to 2π

N . Under ideal conditions, PSC should reach a stable
operating point [7]. However, the system gradually diverges
from the intended operation point if no balancing mechanism
exists [43].

A diode-clamped circuit can ensure that condition (3) is al-
ways maintained, but the voltages only converge if the balancing
current flows at all times from the bottom modules in the arm to
the upper ones. Although various balancing algorithms expose
different behaviors and (dis)advantages, almost all of them en-
sure a correct balancing direction by manipulating the effective
conduction time of the modules [12], [42]. Even closed-loop
methods, such as cell sorting, implement a similar measure.
Hence, the following analysis focuses on the general effect of
the balancing algorithms.
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Fig. 4. Intuitive representation of the LAPSC (a) carrier placement in upper
and lower arms. (b) Effect of level adjustment on the pulsewidth.

A. Study of Balancing Method

The pulsewidth can be manipulated per module by introduc-
ing a slight offset to the modulation reference. Alternatively,
such an offset can be a vertical level adjustment in the corre-
sponding carriers, as Fig. 4 intuitively depicts. Both cases cause
almost no computational effort, which increases the appeal of
the diode-clamped MMCs. A positive vertical level adjustment
(for the ith carrier, δj > 0) reduces the average duration that the
module is connected in series and a negative level adjustment
(δj < 0) increases the average duration of the series intervals.

Regardless of the balancing method, the arm average current is
positive, and shorter durations with series connections reduce the
module charge and vice versa. Subsequently, a zero adjustment
(in the carriers) or offset (in the individual modulation indices)
leads to all modules having the same average series connection
duration. If δj represents the introduced positive vertical adjust-
ment of jth carrier (or a negative offset in the modulation ref-
erence), δ1 ≥ δ2 ≥ · · · ≥ δN ensures a bottom-to-top balancing
direction at all times. Without lack of generalization, considering
the upper arm, the effective modulation index (mj) for the jth
module with δu,j is

mu,j =
1−ma sin (ωt)

2
− δu,j (9)

where ma is the normalized amplitude of the phase a.

The effective modulation index (mu(t)) for the complete arm
is the average of all the individual mj values as follows:

mu (t) =
1−ma sin (ωt)

2
−
∑N

j δu,j

N
. (10)

Defining the adjustments for the jth module in the upper arm
per

δu,j = Δa

(
1

2
− j − 1

N − 1

)
(11)

results in a zero average for the term corresponding to the
adjustment in (10). Hence, the arm voltage is unaffected. Δa

in (11) is the level adjustment between the first and last carriers
of the arm.

Since the balancing direction in the lower arm must also be
from bottom to top, δl,j should be equal to δu,j following (11).
However, the carrier orders (phase shifts) in the upper and lower
arm should be mirrored at the point where they are connected.
The symmetry ensures that at each instant the effects of the
balancing effort (e.g., level adjustments) on the voltage of phase
a are zero. Hence, the vectors of phase shifts for the upper and
lower arm should be

φu =

[
0.
2π

N
,
4π

N
. . .

2π (N − 1)

N

]T
(12)

and

φl =

[
2π (N − 1)

N
,
2π (N − 2)

N
, . . . , 0

]T
. (13)

Based on the symmetry and assuming identical clamping
branches with sufficiently large switching frequencies, the av-
erage clamping current of the jth clamping branch in the upper
arm follows:

ibj ,u(t) = max

(
1 +masin (ωt)

2
iu (t)Δa

(N − j) j

N − 1
, 0

)
(14)

where j = 1, . . . , N − 1 and iu is the upper arm current. The
max(.) function shows the clamping branch conducts only in
the positive direction. Similarly, the clamping current equation
for the lower arm is

ibj ,l(t) = max

(
1−masin (ωt)

2
il (t)Δa

(N − j) j

N − 1
, 0

)
.

(15)
Although a symmetrical definition of the adjustments using

(11) can help to reduce the effects of balancing on the load side,
many of the balancing strategies do not follow such conven-
tions. Nevertheless, the operating principles of the balancing
algorithms remain unchanged.

Whereas the average value of the arm current is always pos-
itive, higher harmonic content, namely first-order and second-
order components, can result in instances where the arm cur-
rent is negative, which combined with the open-loop balancing
techniques can reduce the balancing efficiency. Therefore, an
improved level-adjustment control follows

δu,j = sgn (iarm,u)Δa

(
1

2
− j − 1

N − 1

)
(16)
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which maintains all the previous advantages in addition to
improved efficiency.

Although cell-sorting algorithms are not necessary, the sign
of the arm current must be closely monitored to control the level
adjustment according to (16). The read-out of the sign of the
arm current needs at least two updates per fundamental cycle.
Proposing a balancing method is not the main contribution of this
article, and the compensated model for diode-clamped MMCs
in the next section applies to both open-loop and closed-loop
balancing techniques.

IV. PROPOSED STATE-SPACE MODEL AND ESTIMATOR

A. Compensated State-Space Model

Inherent inter-dynamics of the system introduced by the
clamping branch as well as the nonuniform distribution of the
parameters (such as the capacitance) complicates the derivation
of a complete model for a diode-clamped MMC to the point
where only numerical solutions are viable. Additionally, the
available analytical simplifications for conventional MMCs will
not lead to accurate results, mainly due to the effect of the balanc-
ing modulation as well as the clamping branch. Therefore, we
extend the conventional model of the MMC to account for both
clamping and balancing efforts and then show the application
of the model using an optimal estimator (e.g., Kalman filter) to
determine the voltage of each module.

The output voltage of the arm based on the module voltages
and their states is

Varm =

N∑
j=1

VcjSj1 = V T
c × S1 (17)

where V c is the vector of module voltages in one arm and S1

is the vector of the upper switches in each module in the same
arm with Sj1 representing its jth element.

The dynamics of the capacitor voltage of an inserted module
follows

V̇cj = Sj1
iarm

Cj
(18)

where Cj is the capacitance of the jth module in the arm.
Applying forward Euler discretization leads to

V (k)
cj

= V (k−1)
cj

+ V̇ (k−1)
cj

Ts (19)

where Ts is the sampling period. Substituting (18) into (19)
results in

V (k)
cj

= V (k−1)
cj

+ S
(k−1)
j1

Ts

Cj
i(k−1)
arm (20)

and the arm voltage can be written as

V (k)
c = V (k−1)

c + ST
1
(k−1) × I× Ts

C
i(k−1)
arm (21)

where the vector V (k)
c = [V

(k)
c1 , V

(k)
c2 , . . . , V

(k)
cN ]

T
is the states’

vector, S1(k − 1) is a vector containing the switching signals of
the modules (Sj1(k − 1)), I is the identity matrix, and the vector

Ts

Cj
is a fixed vector that can be written as

Ts

Cj
=

[
Ts

C1
,
Ts

C2
, . . . ,

Ts

CN

]T
(22)

and can be precalculated. Additionally, the Ts

Cj
vector turns into

a constant coefficient if all the capacitances are identical.
Hence, the average state-space model of the module voltages

follows

V (k)
c = AssV

(k−1)
c +Bssi

(k−1)
arm +w(k) (23)

V (k)
arm = CssV

(k)
c + v(k) (24)

where the state matrices are Ass = I, Bss = ST
1
(k−1) × I×

Ts

Cu
, Css = S

(k)
1 , and Dss = 0. Additionally, w(k) and v(k)

are the modeling and measurement noises, respectively.
In (23) and (24), the effect of the balancing routine on individ-

ual modules (e.g., level adjustment for [42], conduction time for
[26], or switching delays [12]) are partially considered assuming
sufficiently high sampling rates, which leads to increasing the
voltage of the lower modules in the arm and decreasing the upper
ones. This effect is mainly because any balancing effort will
directly affect theS(k)

1 vector. Nevertheless, without considering
the effect of the clamping branch leading to exchanging energy
among modules, the model is inadequate.

Two clamping branches connect each module to the previous
(can only discharge said module) and the next modules (can only
charge said module) except the first and last modules. Rewriting
(19) while considering the effect of these two clamping branches,
we arrive at

V (k)
cj

=

⎛
⎝1− Ts

2LjCj

⎛
⎝ bj

(
1− S

(k−1)
j

)
+

b(j+1)

(
1− S

(k−1)
(j+1)

)
⎞
⎠
⎞
⎠V (k−1)

cj

+
bjTs

2LjCj

(
1− S

(k−1)
j

)
V (k−1)
c(j−1)

+
b(j+1)Ts

2LjCj

(
1− S

(k−1)
(j+1)

)
V (k−1)
c(j+1)

+
Ts

Cj
S
(k−1)
j i(k−1)

arm (25)

where Sj = Sj1, and bj is a variable that according to the
switching frequency and modulation reference calculates the
average time that the clamping path is forward-biased

bj =

{
(1−ma)Tsw, V(j+1) > Vj

0, V(j+1) ≤ Vj
. (26)

Consequently, the compensated state-space model can be
rewritten as

V (k)
c = A

′
ssV

(k−1)
c +Bssi

(k−1)
arm +w(k) (27)

v(k)arm = CssV
(k)
c + v(k) (28)

where a′pq ∈ A′
ss is the element in the pth row and the qth

column. The value of a′pq for all q, p except the first and last
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module (i.e., ∀p, q|p �= 1, N ) follows

a′pq =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

bpTs

2LpCp

(
1− S

(k−1)
p

)
, q = p− 1

1− Tsbp

(
1−S

(k−1)
p

)

2LpCp
− Tsb(p+1)

(
1−S

(k−1)

(p+1)

)

2LpCp
, q = p

b(p+1)Ts

2LpCp

(
1− S

(k−1)
(p+1)

)
, q = p+ 1

0, else

.

(29)
If p = 1, then ∀q ∈ (1, . . . , N)

a′1q =

⎧⎪⎪⎨
⎪⎪⎩
1− Tsb(p+1)

2LqCq

(
1− S

(k−1)
(p+1)

)
, q = 1

Tsb(p+1)

2LpCp

(
1− S

(k−1)
(p+1)

)
, q = 2

0, else

(30)

and for p = N and ∀q ∈ (1, . . . , N), a′Nq follows

a′Nq =

⎧⎪⎪⎨
⎪⎪⎩

Tsbp
2LpCp

(
1− S

(k−1)
p

)
, q = N − 1

1− Tsbp
2LpCp

(
1− S

(k−1)
p

)
, q = N

0, else

. (31)

The hardware constraints can prevent sufficiently high sam-
pling rates required in the case of high dynamics or highly imbal-
anced systems. With a low sampling rate or due to asynchronized
sampling, the small balancing efforts can be overlooked and lead
to an increased error.

Averaging the modulation index of each module in one cycle
of the output voltage results in

m̄u,j =
1

2
− δu,j (32)

which ideally should reflect the average value of theS1j(t) in one
cycle. However, due to low sampling frequencies, high delays
in the measurements, or asynchronized sampling (i.e., one state
of a module is observed more than the other state), it is possible
that the average of the discrete values of S1j(k) per

S̄j1 =
1

fs

k−fs∑
z=k

Sj1 (z) (33)

is not equal to m̄u,j , which means the balancing effort is not
calculated correctly in the model. Therefore, to compensate
for the negative effect of sampling, an additional term can be
added to the model by defining a compensated state vector (S

′
1)

according to

S
′
1 (k) = S1 (k)−

(
S̄1 − m̄u

)
. (34)

In (34), S̄1 is the vector of the averaged switch states in one
fundamental cycle, and it is constantly updated through a sliding
window at each iteration.m̄u is the vector of the expected switch
states which can be easily calculated for each module per (9).
Substituting S

′
1(k) in (23) and (24) in (27) and (28) results in a

model that can consider the balancing efforts more accurately.

B. Estimation Algorithm

In the last step, an estimation algorithm is integrated with
the proposed state-space model to estimate the voltages of the
modules [44]. We select a Kalman filter as a prime example of

TABLE II
KALMAN FILTER FOR ESTIMATING THE MODULE VOLTAGES OF THE MMC

an optimal estimator to verify the performance of the developed
model. Table II lists the pseudo-code of the Kalman filter al-
gorithm used to estimate the module voltages. However, other
state-of-the-art estimators can be accordingly implemented with
the proposed model, and the Kalman filter is only an example
used for a quantitative comparison between the conventional and
compensated models.

In most power electronics systems, the measurement noise
as well as the parameter imbalances do not have any type of
uniform distribution; therefore, we ultimately should heuristi-
cally define the initial covariance matrix (P ) for the Kalman
filter [45]. The measurement noise (R) and modeling error (Q)
are usually assumed to be independent for each module as well
as independent from each other [46]. Therefore, Q is defined
as a diagonal matrix, and R as a scalar value, where the initial
values should again be set heuristically. However, knowing the
effect of each parameter on the estimator’s behavior can be of
benefit at the beginning of our search. Increasing the value of
Q leads to a rapid convergence and prevention of divergence.
However, high values of Q will increase fluctuations. On the
other hand, reducing the value of Q will reduce the estimation
ripple, but also makes the convergence slower and increases the
error. Sensitivity to noise can be reduced by increasing R at the
cost of slower dynamics.

Comparing the developed model to the conventional one
shows that A

′
SS is not diagonal anymore and has the general

form as shown in (35). However, forming the complete A
′
SS for

STEP 1 to perform matrix multiplications is unnecessary. The
projected voltage of each module in STEP 1 can be calculated
using simple scalar mathematics starting from the first module

(35)

In the proposed approach, the estimator is formulated such
that each state equation contains a maximum of three state
variables and the whole state-space model contains only one
output variable. Also, the computations regarding the output
equation are entirely simple scalar calculations, which makes
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TABLE III
GENERAL COMPARISON OF STATE-OF-THE-ART ESTIMATORS IN THE LITERATURE

the computations less demanding for an online implementation
in large systems.

In (17), the voltage drops across the parasitic elements are
neglected. However, it is also possible to use more accurate
models of the arm voltage by considering such voltage drops
at the cost of a higher computational burden.

The voltage drops across the components can be easily in-
cluded in the estimation process by replacing Varm in (17) with
V ′

arm from

V ′
arm =

N∑
j=1

(VcjSj1 + Vj,drop) (36)

where Vj,drop is the voltage drop across the IGBTs or diodes, as
well as the resistive elements calculated using

Vj,drop =

⎧⎪⎪⎨
⎪⎪⎩
Sj1 (Vd,j1 +Rd,j1iarm)
+ (1− Sj1) (Vsw,j2 +Rsw,j2iarm)

, iarm ≥ 0

−Sj1 (Vsw,j1 +Rsw,j1iarm)
− (1− Sj1) (Vd,j2 +Rd,j2iarm)

, iarm < 0
.

(37)
Equation (37) can be simplified by assuming identical voltage

drops across the diodes (Vd) and IGBTs (Vsw) as well as identical
corresponding resistive elements, i.e., Vd = Vsw, Rd = Rsw.

Hence, (37) can be simplified to

Vj,drop = sgn (iarm) (Vsw +Rswiarm). (38)

C. Discussion

It is possible to operate the diode-clamped MMC topology
without any direct measurements at the module level to reduce
the cost and complexity of the system. However, since the system
is running open-loop, the required variations in the duration
of the serial connections must be designed for a worst-case
scenario, which may not be an optimum solution regarding
added losses. Additionally, in many applications, monitoring
and protection requirements would still necessitate tracking all
the modules’ voltages.

Many estimation techniques that can track the voltage of each
module are available for conventional MMCs [1], [39]. However,
since they do not consider the effect of the clamping branch, none
apply to a diode-clamped MMC without significant errors. Ad-
ditionally, none consider the effect of the balancing algorithms.
Table III offers an overview of the state-of-the-art in comparison
with the proposed technique.

As main advantages, the presented method includes the bal-
ancing routine as well as the influence of the clamping branch on
the voltages, proposing a technique to compensate the effect of
sampling, which is neglected in other methods; furthermore, the
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TABLE IV
PARAMETERS FOR SIMULATION AND EXPERIMENTS

performance is superior particularly in case of imbalance. The
proposed method requires only two voltage sensors per phase
(six for three phases) instead of one per module (6N for three
phases), which is on par with other state-of-the-art methods,
and compared to the conventional methods, it can reduce the
number of sensors from 2N to only 2 per phase. We also present
a compensation method for lower sampling frequency that can
significantly help in reducing the estimation error.

We use KF as an example of an optimal estimator with con-
firmed performance and relatively easy implementation. How-
ever, the developed model may be also used in combination with
other state-of-the-art estimators.

V. SIMULATION AND EXPERIMENTAL RESULTS

A single-phase model with 2× 8 = 16 modules (N = 8) and
14 clamping branches verifies the feasibility of the proposed
model and studies the general behavior of the system. Addi-
tionally, a scaled-down prototype provides proof of concept
in an experimental setup. Table IV lists the parameters of the
simulation and the experimental systems. The specification of
the power modules SEMiX854GB176HDs from Semikron is
used for the semiconductors. The switching frequency of each
module is 2 kHz and the amplitude of the modulation reference
varies in the range of 0.50–0.95. Additionally, the sampling
frequency of the KF and the sampling rate for the simulations
and the experimental setup are 10 kHz, and the execution rate
of the estimator is also maintained at 10 kHz.

A. Simulation Studies

We study the behavior of the estimators under balanced
conditions with identical modules and imbalanced conditions
with a mismatch between the module capacitances and self-
discharging rates. In the second case, a normal distribution
(μ = 0,σ2 = 1) is considered for the capacitance and resistance
of the modules with ±15% spread from the rated values, with
the first module having the lowest capacitance and internal
resistance. Additionally, the self-discharge rates of modules 2, 4,
7, and 8 are increased with module 8 having the highest discharge
to emulate a worst-case scenario.

Fig. 5. Output phase voltage and current waveform with a small low-pass
filter in the output to filter out the higher harmonics. (a) Balanced system with
Δa = 0. (b) Imbalanced system with Δa = 0.02.

Fig. 5(a) and (b) show the phase voltage and current wave-
forms for balanced and imbalanced systems with Δ = 0 and
Δ = 0.02, respectively, which verifies that the output is not
affected by the balancing effort.

Fig. 6(a) and (b) show the results of the Kalman filters based
on the developed state-space model as well as the conventional
model of MMCs per [44]. In Fig. 6(a), yellow color marks the
true voltages, blue depicts the results using the conventional
MMC model, and red depicts the results from the proposed
method. The Kalman filter parameters for both estimators are
widely identical. The estimation results confirm that both models
are stable. However, while both models converge, the modified
state-space model can achieve slightly lower absolute errors even
in a completely balanced system. According to Fig. 6(b), the
maximum error for the proposed estimator in an ideal system is
below 0.5%.

Fig. 7 shows the behavior of the estimator in a heavily imbal-
anced system with Δa = 0. Due to the imbalance and without
any balancing effort, the voltages start to diverge. Fig. 7(a) illus-
trates measured and estimated voltages. Similar to the previous
case, both of the estimators converge, but the proposed model
tracks the measured voltage more closely. Fig. 7(b) verifies a
>50% improvement in the estimation error compared to the
conventional model of the MMC as well as a reduction in the
amplitude of the error fluctuations.

The third scenario investigates the behavior of the estimators
in the imbalanced system with a nonzero level adjustment suffi-
cient to balance the system (here Δa = 0.02). Fig. 8(a) presents
the profile of the measured and estimated voltages of the capac-
itors in one arm. Despite the mismatches in the capacitances as
well as different discharge rates, the balancing technique can
balance the modules with a very small level adjustment. Since
the modules start with completely imbalanced voltages, it takes
approximately 8 s for the voltages to fully converge to balanced
states. However, it is also possible to increase the balancing
speed using higher level adjustments (Δa). One of the appeals
of using an estimator is to actively controlΔa to achieve faster or
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Fig. 6. Simulation results for a balanced system. (a) Estimation of the capacitor
voltages for conventional and proposed method. (b) Profile of the maximum
estimation error.

more efficient convergences. However, proposing a closed-loop
balancer without direct measurement at the modules is out of
the scope of this article, as it requires a more in-depth analysis
of the balancing factors as well as the balancing efficiency.

Similar to the previous scenarios, the estimator based on
the proposed model can track the capacitor voltages with con-
siderably better accuracy. According to Fig. 8, the maximum
instantaneous error is <7 V, which is 80% lower compared to
the conventional one. The significant increase in the estimation
error with a relatively small value of Δa shows the sensitivity
of the conventional model to the effect of balancing, whereas
the proposed compensated model accuracy is more stable and
achieves approximately similar results to the previous scenario.

Since normally the individual module switching frequency
is low in larger systems, Fig. 9(a) studies the accuracy of the
estimators with low-frequency modulation (fsw = 200 Hz) as
well as a step variation in the modulation index at t = 6.5 s.
Additionally, Fig. 9(b) presents the waveform of the estima-
tion errors with a sudden load change at t = 2.5 s. The result
confirms that the proposed model can easily track the voltage
with sufficient accuracy. Lower switching frequencies can lead

Fig. 7. Simulation results for an imbalanced system without balancing (Δa =
0). (a) Estimation of the capacitor voltages for conventional and proposed
method. (b) Profile of the maximum estimation error.

to slightly higher absolute errors; however, the results are still
well below the 1% mark. Additionally, lower modulation indices
can increase the average duration that the clamping branch is
conducting. Therefore, the compensated model can offer better
accuracy and slightly reduce the amplitude of the fluctuations.

Fig. 10 shows the errors of the proposed model as well as
the conventional model to the sampling frequency, which also
corresponds to the update rate of the estimation algorithm. Each
point is the average error for ten-modulation indices ranging
from 0.1 to 1, and Δa = 0. With reducing the sampling fre-
quency, the error increases. However, due to the developed
sampling compensation technique, the proposed model can
achieve significantly better results. For example, reducing the
update frequency from 10 kHz to approximately 2 kHz results
in approximately 1% deterioration in estimation accuracy. The
difference further increases with increasing Δa.

As seen, in all scenarios the proposed model outperforms the
conventional one with a 30%–50% error reduction. Additionally,
the proposed method is widely unaffected by level adjustment,
lower sampling frequencies, or modulation index variations. For
additional results, please see the online supplement.



TASHAKOR et al.: COMPENSATED STATE-SPACE MODEL OF DIODE-CLAMPED MMCS FOR SENSORLESS VOLTAGE ESTIMATION 12135

Fig. 8. Simulation results for an imbalanced system with Δa = 0.02.
(a) Estimation of the capacitor voltages for conventional and proposed method.
(b) Profile of the maximum estimation error.

Fig. 9. Profile of estimation error under varying conditions. (a) Maximum
error with Δa = 0, low-frequency modulation, and step change in modulation
index. (b) Estimation errors for a step change in load and PF variations.

Fig. 10. Profile of the average error with respect to the sampling frequency.

Fig. 11. Picture of the diode-clamped MMC prototype.

B. Experiments

A scaled-down diode-clamped MMC with ten modules veri-
fies the estimator’s performance, and Fig. 11 shows a photo of
the setup. Each module includes about 500μF low-ESR ceramic
capacitors in parallel with 2.2 mF electrolytic ones. Labview
in combination with an FPGA development board (National
Instruments sbRIO 9627) performs the control functions and
records states for further analysis. Additionally, the voltages
of the modules of the upper arm are independently monitored
using an oscilloscope to evaluate the estimation accuracy. The
measured and estimated voltages are then plotted and analyzed
in MATLAB.

Fig. 12(a) shows the estimated and measured arm voltages
as well as the estimation error in an imbalanced system for
Δa = 0. As the effective switching frequency is 10 kHz and
the fundamental frequency of the output voltage is 50 Hz, a
low-pass with a cut-off frequency of 2 kHz can easily reduce
the measurement noise. The maximum error after removing
the switching noise from the measurements is 4 V, which
corresponds to less than 2% and verifies the capability of the
proposed method. Additionally, Fig. 12(b) depicts the measured
and estimated capacitor voltages in addition to the estimation
error. The maximum estimation error is below 3.5%. Since in
this case, the level adjustment is zero, the capacitor voltages
do not completely balance, even though the clamping branch
ensures that Vc1 ≥ Vc2 ≥ Vc3 ≥ Vc4 ≥ Vc5.

The balancing behavior as well as the performance of the
estimator with nonzero circulating current for Δa = 0.02 are
shown in Fig. 13. With Δa = 0.02, the voltages converge to
45 V and the system has a stable operation after reaching its
steady-state condition. The maximum estimation error, in this
case, is also below 2%, which confirms the accuracy of the
proposed model in combination with the Kalman filter estimator.
For additional measurements, see Supplementary Material.
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Fig. 12. Results forΔa = 0. (a) Measured and estimated arm voltage, as well
as error of the arm voltage estimation. (b) Capacitor voltages and estimation
results as well as the maximum estimation error.

VI. CONCLUSION

This article proposes a state-space model for diode-clamped
MMCs, which is applicable for the available sensorless bal-
ancing techniques for this topology. Additionally, it provides
a procedure to use an optimal estimator to achieve sensorless
operation at the module levels, while still fully tracking the
module voltages. The provided analysis as well as the simulation
and experimental results verify the superiority of the developed
model compared to the conventional MMC model.

Fig. 13. Estimation results of imbalanced system with Δa = 0.02.

The synopsis in Table III clearly highlights significant advan-
tages over the state-of-the-art, and a comparison of the results
from the proposed model with the ones from the conventional
MMC shows 30%–50% reduction in estimation error. The im-
provement is even more noticeable in imbalanced systems and/or
with larger balancing currents.

The low sampling compensation technique can allow for
further reduction of the sampling frequency as well as better
sensitivity to the small balancing efforts that might have been
neglected in the conventional models with lower sampling fre-
quencies.

Based on the experiments, the estimator can achive accuracies
≥97.5% at all times with a wide range of Δa= [0, 0.04] and
considering a 15% tolerance in the capacitances of the modules.
Additionally, in a single-phase system, the estimator can reduce
the number of voltage sensors from 2N (one voltage sensor per
module) to only two sensors (arm voltage sensors).

Although a closed-loop balancer is not the main focus of
this article, the proposed model and estimator can be used
to achieve a more optimized closed-loop balancing in diode-
clamped MMCs without any direct measurement at the module
level, and it can minimize the balancing losses in the system.

REFERENCES

[1] G. Konstantinou, H. R. Wickramasinghe, C. D. Townsend, S. Ceballos, and
J. Pou, “Estimation methods and sensor reduction in modular multilevel
converters: A review,” in Proc. 8th Int. Conf. Power Energy Syst., 2018,
pp. 23–28.

[2] S. Wang, T. Dragicevic, Y. Gao, and R. Teodorescu, “Neural network
based model predictive controllers for modular multilevel converters,”
IEEE Trans. Energy Convers., vol. 36, no. 2, pp. 1562–1571, Jun. 2021.



TASHAKOR et al.: COMPENSATED STATE-SPACE MODEL OF DIODE-CLAMPED MMCS FOR SENSORLESS VOLTAGE ESTIMATION 12137

[3] N. Tashakor and M.-H. Khooban, “An interleaved Bi-directional AC–DC
converter with reduced switches and reactive power control,” IEEE Trans.
Circuits Syst. II, Exp. Briefs, vol. 67, no. 1, pp. 132–136, Jan. 2020.

[4] C. Wang, F. R. Lizana, Z. Li, A. V. Peterchev, and S. M. Goetz, “Submod-
ule short-circuit fault diagnosis based on wavelet transform and support
vector machines for modular multilevel converter with series and parallel
connectivity,” in Proc. 43rd Annu. Conf. IEEE Ind. Electron. Soc., 2017,
pp. 3239–3244.

[5] J. Fang, H. Deng, N. Tashakor, F. Blaabjerg, and S. M. Goetz, “State-space
modeling and control of grid-tied power converters with capacitive/battery
energy storage and grid-supportive services,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 11, no. 1, pp. 234–250, Feb. 2023.

[6] Q. Xiao et al., “A novel fault-tolerant control method for modular multi-
level converter with an improved phase disposition level-shifted PWM,”
in Proc. 45th Annu. Conf. IEEE Ind. Electron. Soc., 2019, pp. 3839–3844.

[7] C. Wang, L. Xiao, C. Wang, M. Xin, and H. Jiang, “Analysis of the unbal-
ance phenomenon caused by the PWM delay and modulation frequency
ratio related to the CPS-PWM strategy in an MMC system,” IEEE Trans.
Power Electron., vol. 34, no. 4, pp. 3067–3080, Apr. 2019.

[8] S. Ali, Z. Ling, K. Tian, and Z. Huang, “Recent advancements in sub-
module topologies and applications of MMC,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 9, no. 3, pp. 3407–3435, Jun. 2021.

[9] K. Ilves, L. Harnefors, S. Norrga, and H.-P. Nee, “Analysis and operation
of modular multilevel converters with phase-shifted carrier PWM,” IEEE
Trans. Power Electron., vol. 30, no. 1, pp. 268–283, Jan. 2015.

[10] N. Tashakor, F. Iraji, and S. M. Goetz, “Low-frequency scheduler for
optimal conduction loss in series/parallel modular multilevel converters,”
IEEE Trans. Power Electron., vol. 37, no. 3, pp. 2551–2561, Mar. 2022.

[11] T. Zheng et al., “A novel Z-type modular multilevel converter with capac-
itor voltage self-balancing for grid-tied applications,” IEEE Trans. Power
Electron., vol. 36, no. 2, pp. 1399–1411, Feb. 2021.

[12] T. Zheng et al., “A novel high-voltage DC transformer based on diode-
clamped modular multilevel converters with voltage self-balancing ca-
pability,” IEEE Trans. Ind. Electron., vol. 67, no. 12, pp. 10304–10314,
Dec. 2020.

[13] N. Tashakor, M. Kilictas, J. Fang, and S. M. Goetz, “Switch-clamped
modular multilevel converters with sensorless voltage balancing control,”
IEEE Trans. Ind. Electron., vol. 68, no. 10, pp. 9586–9597, Oct. 2021.

[14] Y. Jin et al., “A novel submodule voltage balancing scheme for modular
multilevel cascade converter—Double-star chopper-cells (MMCC-DSCC)
based STATCOM,” IEEE Access, vol. 7, pp. 83058–83073, 2019.

[15] K. T. Kosmowski, Functional Safety and Reliability Analysis Methodology
for Hazardous Industrial Plants. Gdańsk, Poland: Gdańsk Univ. Technol
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