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Modular Multilevel Converter With an Adaptive
Observer of Capacitor Voltages

Hamed Nademi, Member, IEEE, Anandarup Das, Member, IEEE, and Lars E. Norum, Member, IEEE

Abstract—A modular multilevel converter (MMC) is an attrac-
tive solution for power conversion without transformers. The MMC
consists of cascade connections of floating dc capacitors. In this pa-
per, an adaptive observer design has been proposed to estimate the
capacitor voltages from the measurement of arm currents. This
work introduces the capacitance value of the cell capacitors as a
parameter uncertainty for making the system performance robust
with unknown constant parameters. It may be used for predictive
control, condition monitoring for capacitors, and diagnosis check
for capacitor health. In addition, a pulsewidth modulation (PWM)
technique for MMC has been explored. The PWM technique is per-
formed using a carrier-based level-shifted PWM strategy. It does
not necessitate the calculation of duty cycles, and can be easily
implemented in a DSP. By using the PWM technique, harmonics
in the phase voltage is shifted to twice the switching frequency.
Theoretical analysis is included in this paper for showing stability
and convergence of the proposed observer. Analytical expressions
are verified by simulation and experimental results.

Index Terms—Adaptive observer, Lyapunov analysis, modu-
lar multilevel converter (MMC), pulsewidth modulation (PWM),
switching frequency.

NOMENCLATURE

MMC Modular multilevel converter.
HVDC High voltage direct current.
Vdc DC-link voltage of the converter.
vj Output voltage of the cell j.
L1 Inductance of the arm inductor.
R Load resistance.
L Load inductance.
ip Upper arm current.
in Lower arm current.
ia Phase A load current.
VAO Pole voltage of the converter phase A.
Vcell Cell output voltage.
C Cell capacitance.
N Number of cells per arm.
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J(x) Jacobian matrix.
λj , λl , λ

′
j , and λ′

l Observer gains.
x̂ Estimation error.
Ve Lyapunov function.

I. INTRODUCTION

THE MMC has become an important aspect of research
of both academia and industry environments among other

multilevel topologies in recent times, mainly due to the outstand-
ing merits of this converter over conventional ones including:
simple implementation of redundancy, low device ratings, very
low output harmonics, easy scalability and a possibility of com-
mon dc-bus configuration for multidrive applications [1]–[8]. As
such, the converter has found a commercial application within
few years of its first proposal [9]–[12]. The output voltage qual-
ity of the MMC is almost close to sinusoidal, thus putting less re-
quirements on the design of the output ac filter. So far, several re-
search studies have been conducted on employing of pulsewidth
modulation (PWM) schemes in MMC [7], [13]–[18].

In recent papers [7], [13], [14], phase-shifted PWM
(PS-PWM) and PWM using duty ratio calculations have been
reported for a MMC. The algorithm based on the fixed pulse
pattern has been studied in MMC to operate at the fundamen-
tal switching frequency [15]. The research work in [16] has
addressed an improved submodule unified pulsewidth modu-
lated method to achieve the output voltage level similar to the
PS-PWM method. The advantage in this case is that it does not
require a controller for voltage balancing. The study in [17] pre-
sented the modified PS-PWM approach to reduce the average
device switching frequency by developing a voltage balancing
algorithm. On the other hand, the sorting techniques proposed
in [5] and [19] are very easy and elegant to implement. However,
it still needs to calculate the duty cycles based on the reference
waveforms. The duty cycle calculation can be avoided, as shown
in [18], by using carrier-based level-shifted PWM (LS-PWM).

In this paper, an LS-PWM technique has been applied to the
MMC. This aims in shifting the harmonics in the phase voltage
to twice the switching frequency. This method provides the
possibility to cancel the switching frequency harmonics from
the upper and lower converters using properly adjusting the dc
offsets in LS-PWM. Therefore, the phase voltage waveform
contains harmonics at twice the switching frequency and its
sidebands. In other words, to produce the same output voltage
quality, the individual cells of the converter can be switched at
half the switching frequency.

The second part of this paper focuses on designing an adaptive
observer for MMC in order to estimate the unmeasurable volt-
ages of the capacitors using the arm currents and the dc-voltage
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source. By increasing the number of cascaded modules, it will
be necessary to add the number of voltage sensors. As a con-
sequence, it causes an increased hardware complexity, which
will influence negatively the system reliability. Hence, the esti-
mation of such voltages by means of an observer becomes an
attractive and economical option particularly in real-time per-
formance in the presence of time delay in measurements as well
as the communication process.

There is no much research currently regarding the develop-
ment of such kind of schemes for MMC. Observer-based and
estimation methods are well suited for control reconfiguration
purposes in such a way that estimated quantities are utilized
for reconfiguration algorithms. For instance, by estimating the
capacitors voltages, knowledge of the switches state, make it
possible to find the output voltage which can be incorporated in
fault detection and diagnosis strategy [20]–[22]. In [22], though
presented interesting benefits of the sliding-mode observer for
MMC in the simulation environment, but the chattering problem
due to the discontinuous controls in this method is the crucial
factor resulting in high oscillations [23].

Furthermore, as a matter of issues such as electrolytic reac-
tion, humidity, effect of temperature, and some variable factors
of the system, the capacitor variations can occur. So, it is neces-
sary to know how much the capacitance has changed. It is also
hard to measure directly the capacitance since capacitor banks
are usually placed inside the converter system. To overcome this
difficulty, some methods to estimate the capacitance have been
proposed based on the increase of the internal equivalent series
resistance of the capacitor with the aging [24], [25]. But main
disadvantage is that those approaches are not suitable for online
application. Moreover, online capacitance estimation methods
for three-phase ac/dc/ac PWM converters have been reported
in [26].

For making the system performance robust with unknown
constant parameters, this paper introduces the capacitance value
of the cell capacitors as a parameter uncertainty. The better
understanding of observer behavior in MMC is based on the
nonlinear dynamical system theory. Therefore, to create kind of
a sensorless control, it is necessary to investigate the observ-
ability of the converter [27]. To compensate the uncertainty, a
nonlinear adaptive control method is adopted to derive the con-
trol algorithm, and the uncertainty adaptation laws can also be
derived systematically. The observer stability study based on
the Lyapunov theory guarantees the stability and convergence
of the estimated quantities. The first measurement considered is
the arm currents which are the controlled variables and makes
it possible to estimate the capacitor voltages. Afterward, it is
necessary to know the dc-link voltage state Vdc because of the
capacitors voltages references depend on it. By taking a mea-
surement of this voltage, especially if the converter is supplied
by a controlled rectifier, it will be available. However, in some
applications, the converter output voltage is required, e.g., fault
detection algorithms. From control theory point of view, an ob-
server is considered as a software sensor used to estimate the
unmeasurable variables of a system.

Finally, some illustrative simulation and experimental results
of MMC are demonstrated to confirm the feasibility of the pro-
posed PWM algorithm as well as the designed observer.

Fig. 1. Diagram of a three-phase MMC.

II. SYSTEM DESCRIPTION OF THE MMC

In this section, a short description of the operation principles
of the MMC is given. This topology consists of a number of
series-connected cells constituting of a capacitor and two com-
plementary switches as shown in Fig. 1. When switch S1 is
turned ON, the capacitor is bypassed and there is no voltage at
the cell output. When S2 is turned ON, the capacitor voltage
is appeared at the output. Depending on the direction of the
current, the capacitor can either be charged or discharged. Em-
ploying many numbers of cells, a multilevel voltage waveform
can be produced at the output through inserting or bypassing
certain number of the cells.

There are two arms of the converter in each phase which are
formed by the cells connected in series. These are called the
upper and lower arms in this paper. The arms are fed from the
dc link. The upper and lower converter currents make up the
load current; their directions are denoted in Fig. 1. Assuming
the convention of voltages shown in Fig. 1, the upper and lower
converters produce sinusoidal voltages which are having 180◦

phase shift. For sinusoidal modulation, the ideal waveforms are
depicted in Fig. 2 which are stated as vUA1 and vA2L . The
mathematical expression of arm voltages is given by

vU A 1 (t) =
[
1
2

+ m · sin(ωt)
]

Vdc

vA 2 L (t) =
[
1
2
− m · sin(ωt)

]
Vdc (1)

where m is the modulation index lies between 0 and 0.5, w is
the angular frequency, and Vdc is the dc-link voltage. Using
common mode voltage injection [28], the modulation index
value can be enhanced up to 0.577 for achieving maximum
ac voltage from the dc bus. Note the presence of the dc offset in
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Fig. 2. Ideal output voltage waveforms for the upper and lower converters for
phase A [18].

these waveforms. Because of the quite small voltage drop across
the arm inductor, the output pole voltage vAO is an ac voltage
having equal positive and negative excursions

vAO (t) ≈ vA 1 U (t) + vU O (t) = m · sin(ωt)Vdc . (2)

In real circuit of MMC, the voltages vU A1 and vA2L are not
perfectly sinusoidal because of the waveforms are produced
using finite number of dc sources through the PWM strategy.
More specifically, the capacitors constantly charge or discharge
due to the flow of the load current through them. Therefore,
the voltages at points A1 and A2 are not exactly equal all the
time. The arm inductor is inserted in the circuit to limit the flow
of circulating current due to this voltage difference. The ideal
waveforms of this converter are used to generate the reference
modulating waveforms for control purpose, which is discussed
next.

III. LS-PWM TECHNIQUE

The LS-PWM scheme for the MMC is explained in this sec-
tion. In the first step, three sinusoidal balanced reference wave-
forms are generated for three phases. In order to increase the dc-
bus utilization in the linear modulation range, a common mode
signal is added to all the three reference waveforms. In actual
implementation hardware with DSP, the reference waveforms
are not continuous but are sampled at regular intervals. This
makes the modulating waveforms stepped in nature as shown
in Fig. 3. The reference waveforms for the lower converter are
multiplied by −1.

Here, only one triangular carrier is used for switching all
the cells in three phases. This is done to avoid the high accu-
racy needed with synchronization of multiple carriers. Failure to
achieve synchronization leads to delay between gating signals
to the devices that are supposed to turn ON at the same time. The
loss of synchronization can also happen if multiple DSPs and
field-programmable gate arrays (FPGAs) are used to generate
the carriers. In that case, synchronization of their clocks is to
be maintained. The magnitude of the carrier is 1/N , where N is
the number of cells in each arm. In this paper, N = 4.

In LS- PWM, the modulating waveform is scaled and shifted
in such a way so as to bring it inside one carrier (see Fig. 4). Here,
the carrier magnitude is 1/4 = 0.25 and spans from 0 to 0.25.

Fig. 3. Reference waveforms after the addition of the common mode signal
[18].

Fig. 4. Reference waveform after it is brought inside one carrier [18].

The modulating waveform should always lie within the carrier.
So, it needs one or two level shifts to bring it inside this carrier.
For example, if the modulating waveform is between 0.25 and
0.5, then a negative shift of −0.25 is required to bring it inside
the carrier (between 0 and 0.25). Accordingly, the number of
cells that will be turned ON, OFF, or used for PWM will be
decided. This is tabulated in Table I. The duty cycle for the
PWM is automatically generated as the level-shifted modulating
waveform is compared with the carrier. There is no need to
calculate the duty cycle of individual cells.

An example is presented here. It is assumed that a positive
magnitude of upper arm current ip will charge the cells fur-
ther, while a negative magnitude will discharge them. At the
current sampling, it is found that the voltage magnitudes of the
upper cells are in the following order: Cells 3, 1, 2, and 4 where
Cell 3 has the highest voltage. Suppose the modulating wave-
form is between −0.25 and 0. So, from Table I, it is found that
Cells 1 and 3 are bypassed. Cell 4 is charging (by turning OFF
S1). Cell 2 is in PWM mode where the triangle is compared
with the modulating waveform. Switch S1 in cell 2 is turned
ON once the modulating waveform is greater than the triangle;
otherwise, it is turned OFF.

The next step is to make the duration of start and end cross-
ings of the modulating waveform equal [see Fig. 5(a)]. Here,
the reference waveforms for the three phases of the upper con-
verter are shown. Note that, the start and end timing durations
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TABLE I
SHIFT OF MODULATING WAVEFORM AND ITS EFFECT ON CELLS

Fig. 5. Start and end vectors in a switching cycle: (a) unequal and (b) equal [18].

(corresponding to the start and end vectors) in a switching cycle
are not equal. To make them equal, another offset (or common
mode signal) is added to all the phases. The magnitude of this
offset is

voffset =
1
2
(0.25 − vmax − vmin) (3)

where vmax and vmin are the maximum and minimum values
in that switching cycle. The waveforms after the addition of the
offset are shown in Fig. 5(b). With this strategy, the switching
frequency harmonics of the upper and lower converters cancel
each other. The harmonics in the output voltage are then shifted
to twice the switching frequency.

An important requirement of MMC is the balancing of ca-
pacitor voltages. An easy balancing technique described in [5]
is followed here. In this technique, a sorting algorithm is used
to control the capacitor voltages. Based on the sensed capacitor
voltages, the sorting algorithm identifies which cells need to be
turned ON or OFF, and which one is to be used for PWM.

IV. DESIGN STEPS OF AN ADAPTIVE OBSERVER

In this study, control strategy based on adaptive algorithm
is investigated to design an observer for estimating the unmea-

surable states in the case that neither of the voltage sensors is
available. It considers a systematic construction of both feed-
back control laws as well as related Lyapunov functions.

Without loss of generality, the analysis has been applied to
one phase of the MMC including N cells for each arm (see
Fig. 6).

From Fig. 6, the mathematical equations describing the dy-
namic behavior of a N -cells MMC converter are expressed as
follows:

dip
dt

=
1
L1

[
Ep −

N∑
i=1

(Si.VCi
) − R1ip − Va

]

din
dt

=
1
L1

[
En −

2N∑
i=N +1

(Si.VCi
) − R1in + Va

]

dVCi

dt
=

1
C

(ip .Si) i = 1, . . . , N

dVCi

dt
=

1
C

(in .Si) i = N + 1, . . . , 2N

y1 = ip

y2 = in (4)
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Fig. 6. MMC leg consisting of 2N cells.

where ip , in , Si, VCi
, and Va are upper/lower arm currents, gat-

ing signal of upper gate, capacitor voltage of ith cell, and phase a
voltage, respectively. The gating signal of lower gate is the com-
plementary of Si . Ep and En are assumed as a half of the dc-link
voltage.

We assume that arm currents, ip and in , are measured (ob-
server input) and are taken as the system outputs. So, the states
of VCi

i = 1, . . . , 2N are not available for feedback. The con-
trol objective is to make capacitor voltages estimation track
the desired reference voltage command (Vdc/N). Moreover,
a developed observer should involve an estimation of the un-
known constant parameters which are simplified by following
notations:

ai =
1
Ci

i = 1, . . . , 2N. (5)

Before explaining the design process, it is essential to analyze
the observability property of MMC. According to the observ-
ability criterion [29], the observability analysis is performed
via computing the following Jacobian matrix J of O1(x) with
respect to the state x:

J(x) =
∂

∂(x)
O1(x). (6)

By denoting

h(x) = [h1 h2 ]T = [ y1 y2 ]T

O1 = [h1 h2 Lgh1 Lgh2 ]T

x = [x1 x2 x3 x4 ]T = [ ip in VCi−u
VCi −l ]T

g =
[

dip
dt

din
dt

dVCi−u

dt

dVCi −l

dt

]T

(7)

where Lgh is defined as Lie derivative of h with respect to g,
(= ∂h

∂x g) [30]. The computation of the corresponding observ-
ability matrix gives

J(x) =

⎡
⎢⎢⎢⎢⎢⎢⎣

1 0 0 0

0 1 0 0
∂

∂x1
Lgh1

∂

∂x2
Lgh1

∂

∂x3
Lgh1

∂

∂x4
Lgh1

∂

∂x1
Lgh2

∂

∂x2
Lgh2

∂

∂x3
Lgh2

∂

∂x4
Lgh2

⎤
⎥⎥⎥⎥⎥⎥⎦

.

(8)
The Jacobian expresses the observability of the converter in

terms of rank sense through determinant Δ of J(x) as

Δ =
∂Lgh1

∂x3
· ∂Lgh2

∂x4
− ∂Lgh2

∂x3
· ∂Lgh1

∂x4

=
(

R2
1

L2
1
· VCi

) 2N∑
i=1

Si. (9)

Remark 1: Note that if VCi
�= 0, the converter is observable.

In other words, by assuming the arm inductance is nonzero
and constant thus, the converter is observable if and only if the
capacitor voltage is not null. Moreover, with the same analysis,
the observation of the cell capacitance value is proven.

The prediction model for the adaptive observer is chosen to
be

dîp
dt

=
1
L1

[
Ep −

N∑
i=1

(Si.V̂Ci
) − R1ip − Va

]

+ λj .f (̃ip) + λl .̃ip

dîn
dt

=
1
L1

[
En −

2N∑
i=N +1

(Si.V̂Ci
) − R1in + Va

]

+ λ′
j .f (̃in ) + λ′

l .̃in

dV̂Ci

dt
= âi(ip .Si) + λi .f (̃ip) i = 1, . . . , N

dV̂Ci

dt
= âi(in .Si) + λi .f (̃in ) i = N + 1, . . . , 2N

ŷ1 = îp

ŷ2 = în (10)

where λj , λl , λ′
j , and λ′

l are the observer gains, and f (̃ip , ĩn )
used to eliminate the errors in the arm current estimations.

The weighting factors that are vital for arm currents and
capacitor voltages equations λj f (̃ip), λl .̃ip , λ

′
j f (̃in ), λ′

l .̃in and
λif (̃ip), λif (̃in ) will be designed later.

It should be noted that the estimated quantities are denoted as
x̂ and the estimation error which is the difference between real
states or parameters and the estimated ones are shown with the
x̃ sign (x̃ = x̂ − x).
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Considering previous definition and after subtracting (4) from
the estimated model (10), respectively, the observation error
dynamics for the developed observer could be easily obtained
and are written as follows:

dĩp
dt

=
1
L1

[
−

N∑
i=1

(Si.ṼCi
)

]
+ λj .f (̃ip) + λl .̃ip

dĩn
dt

=
1
L1

[
−

2N∑
i=N +1

(Si.ṼCi
)

]
+ λ′

j .f (̃in ) + λ′
l .̃in

dṼCi

dt
= ãi(ip .Si) + λi .f (̃ip) i = 1, . . . , N

dṼCi

dt
= ãi(in .Si) + λi .f (̃in ) i = N + 1, . . . , 2N

ỹ1 = ĩp

ỹ2 = ĩn (11)

where

ĩp = îp − ip , ĩn = în − in , ṼCi
= V̂Ci

− VCi

ãi = âi − ai, ỹ1 = ŷ1 − y1 , ỹ2 = ŷ2 − y2 . (12)

Here, an attempt is performed to find proper Lyapunov func-
tion which plays a crucial role for deriving the observer gains
and finally to determine the adaptation rules for unknown pa-
rameters (capacitance values). In doing so, and considering the
convergence of the adaptive observer, the following Lyapunov
function is proposed:

Ve =
1
2

(
ĩ2p + ĩ2n +

2N∑
i=1

(Si.Ṽ
2
Ci

) +
2N∑
i=1

1
ρi

ã2
i

)
(13)

where ρi is any real constant, called parameter adaptation gain.
In view of (11), the time differentiation of Ve is

V̇e = ĩp

{
1
L1

[
−

N∑
i=1

(Si.ṼCi
)

]
+ λj .f (̃ip) + λl .̃ip

}

+ ĩn

{
1
L1

[
−

2N∑
i=N +1

(Si.ṼCi
)

]
+ λ′

j .f (̃in ) + λ′
l .̃in

}

+
N∑

i=1

(
ṼCi

.
[
ãi(ip .Si) + λi .f (̃ip)

])

+
2N∑

i=N +1

(
ṼCi

.
[
ãi(in .Si) + λi .f (̃in )

])
+

2N∑
i=1

ãi
1
ρi

d

dt
ãi.

(14)

As in (14), if all the terms including the ãi grouped together,
then we have

V̇e = ĩ2p (λl) + ĩp
(
λj .f (̃ip)

)
+ ĩ2n (λ′

l) + ĩn
(
λ′

j .f (̃in )
)

+
N∑

i=1

(ṼCi
.λi .f (̃ip)) +

2N∑
i=N +1

(
ṼCi

.λi .f (̃in )
)

+
N∑

i=1

ãi

[
1
ρi

d

dt
ãi + ṼCi

(ip .Si)
]

+
2N∑

i=N +1

ãi

[
1
ρi

d

dt
ãi + ṼCi

(in .Si)
]

. (15)

To eliminate them, the two brackets are selected to be 0. Then,
update laws are defined as

N∑
i=1

d

dt
ãi = −

N∑
i=1

ρi

[
ṼCi

(ip .Si)
]

2N∑
i=N +1

d

dt
ãi = −

2N∑
i=N +1

ρi

[
ṼCi

(in .Si)
]
. (16)

Because the change rate of the capacitance values in the ob-
server time scope are negligible, thus, we obtain

dãi

dt
=

dâi

dt
− dai

dt
≈ dâi

dt
. (17)

Having chosen f (̃ip) = sign
(̃
ip
)

and f (̃in ) = sign
(̃
in
)
, to

verify

V̇e = ĩ2p (λl) + ĩ2n (λ′
l) + sign(̃ip)

[
N∑

i=1

(ṼCi
.λi) + λj .̃ip

]

+ sign(̃in )

[
2N∑

i=N +1

(
ṼCi

.λi

)
+ λ′

j .̃in

]
. (18)

With some known negative scalars λl and λ′
l , which are large

enough, can ensure

λj .̃ip >

N∑
i=1

(ṼCi
.λi)

λ′
j .̃in >

2N∑
i=N +1

(
ṼCi

.λi

)
. (19)

According to the previous design principles, the observer
and adaptation gains are defined as λj = λ′

j = 750, λl = λ′
l =

−520, λi = 100, and ρi = −0.124 to satisfy the fast dynamic
response and acceptable convergence characteristics.

Thus, V̇e < 0, which implies that the proposed observer is
stable and the capacitor voltages estimation errors converge to
0.

From (16), it can be seen that the estimated capacitor volt-
ages appear in the equation of adaptation rules. It means that
the observer equations and adaptation rules are considered and
solved together. In other words, the convergence rate for the
parameters estimation and capacitor voltages are dependent on
the observer and adaptation gains.
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Fig. 7. Overall structure of the MMC with the proposed adaptive observer.

Assuming zero estimation errors for arm currents, the error
equations can be stated as

0 =
1
L1

[
−

N∑
i=1

(Si.ṼCi
)

]
+ λj .f0 (̃ip) u = a, b, or c

0 =
1
L1

[
−

2N∑
i=N +1

(Si.ṼCi
)

]
+ λ′

j .f0 (̃in )

dṼCi

dt
= ãi(ip .Si) + λi .f0 (̃ip) i = 1, . . . , N

dṼCi

dt
= ãi(in .Si) + λi .f0 (̃in ) i = N + 1, . . . , 2N. (20)

Functions f0 (̃ip) and f0 (̃in ) are obtained by first and second
equations in (20) such that

0 =
1
L1

[
−

N∑
i=1

(Si.ṼCi
)

]
+ λj .f0 (̃ip)

0 =
1
L1

[
−

2N∑
i=N +1

(Si.ṼCi
)

]
+ λ′

j .f0 (̃in )

⇒

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

f0 (̃ip) =
1

L1 .λj

[
N∑

i=1

(Si.ṼCi
)

]

f0 (̃in ) =
1

L1 .λ′
j

[
2N∑

i=N +1

(Si.ṼCi
)

]
.

(21)

TABLE II
PARAMETERS USED IN SIMULATION

Substituting the expression (21) into (20) allows expressing
the error dynamics of capacitor voltages:

dṼCi

dt
= ãi(ip .Si)+λi .

1
L1 .λj

[
N∑

i=1

(Si.ṼCi
)

]
i = 1, . . . , N

dṼCi

dt
= ãi(in .Si) + λi .

1
L1 .λ′

j

[
2N∑

i=N +1

(Si.ṼCi
)

]

i = N + 1, . . . , 2N. (22)
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Fig. 8. Simulated three-phase line-line voltage waveforms.

Fig. 9. Simulated eight capacitor voltages.

Fig. 10. Output voltage of top cell in phase A.

TABLE III
SPECIFICATIONS OF THE TEST BENCH

Fig. 11. Simulated upper/lower arm and load currents.

Fig. 12. Harmonic spectrums. (a) Upper arm voltage. (b) Phase voltage.

From (13) and (18), the LaSalle–Yoshizawa theorem [30]
guarantees the boundedness of ãi , ṼCi

and the convergence of
the tracking errors to 0 as t → ∞.

From Barbalat’s Lemma [31], we can summarize that the sys-
tem converges exponentially. In particular, this denotes that the
observer errors converge to 0 if the Persistent Excitation condi-
tion is satisfied. Therefore, the adaptive observer is asymptoti-
cally stable despite the parametric uncertainty.

Theorem 1: lim
t→∞

ṼCi
= 0, and lim

t→∞
d
dt ãi= 0.

A procedure same as the one proposed in the general proof
in [31] is used. If there exist Ve ≥ 0 and V̇e ≤ 0, the ca-
pacitor voltage and parameter estimation errors are bounded,
i.e., ṼCi

, ãi ∈ �∞ in which �∞ depicts the time-domain set of
bounded functions. Also, lim

t→∞
(Ve(ṼCi

(t), ãi(t))) = Ve∞ and
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Fig. 13. Capacitor voltages in phase A. (a) Real. (b) Observed.

Fig. 14. Capacitor voltage estimation error for top cell in phase A.

Fig. 15. Capacitance estimation in phase A.

by integration of (11), it follows that:∫ ∞

0

∥∥∥V̇e

∥∥∥dτ = Ve(0) − Ve(∞), Ve(0) = Ve

(
ṼCi

(0),ãi(0)
)

.

(23)
From (23), it is clear that the voltage estimation error is a

square integrable function, i.e.,ṼCi
∈ �2 , in which �2 is the set

of time domain square integrable functions. Furthermore, from
(16), the following inequality holds:

2N∑
i=1

∥∥∥∥ d

dt
ãi

∥∥∥∥ ≤
2N∑
i=1

‖ρi‖ .
∥∥∥ṼCi

∥∥∥ . ‖(ip,n .Si)‖ . (24)

In other words, ĩp,n must be bounded because ṼCi
is bounded.

As a result, since ṼCi
∈ l2 ∩ l∞, we have ˙̃ai ∈ l2 ∩ l∞. From

(11) and ṼCi
, ãi , ĩp,n ∈ �∞ it is easy to see that ˙̃V Ci

∈ �∞
which, together with ṼCi

∈ �2 denotes that limt→∞ṼCi
= 0,

and limt→∞
d
dt ãi = 0.

Fig. 16. Estimated capacitor voltages under parameter changes (L1 =
1.1L1 , C = 1.2C) for phase A.

This ends the proof.
A structural diagram of the adaptive observer implemented in

MATLAB/Simulink/dSPACE environment is outlined in Fig. 7.

V. SIMULATION RESULTS

To evaluate the performance of the proposed PWM method
as well as the validity of the constructed observer performance,
simulation results are carried out on a 6.6 kV, 6 MW resistive-
inductive load with the nominal parameters given in Table II.

The three-phase line-line voltages are shown in Fig. 8. It
clearly reveals the presence of nine levels of voltage, as ex-
pected. The charge and discharge of the capacitors cause the
voltage levels to vary within acceptable limits.

Fig. 9 displays the eight capacitor voltages of phase A. The
sorting algorithm ensures that all the capacitors are fairly bal-
anced at reference voltage (10 kV/4 =) 2.5 kV. They have a
voltage fluctuation of around 10% of this value.

In order to examine the effectiveness of the PWM technique,
we have shown the voltage across the top cell of phase A in
Fig. 10. It shows that the cell switches 18 times in a cycle.
This leads to a switching frequency of approximately 1 kHz
for the insulated-gate bipolar transistors (IGBTs), which is an
acceptable at this rating.

The arm currents and also load current for phase A are shown
in Fig. 11. There is a circulating dc which flows through the
arms and the dc bus. The dc current helps to maintain the power
balance in the capacitors.

The corresponding spectra for aforementioned upper arm
voltage and phase voltage waveforms are shown in Fig. 12(a)
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Fig. 17. Upper arm, lower arm, and load currents in phase A. (a) Real. (b) Observed.

Fig. 18. Layout of the experimental test bench. (a) Overall view. (b) One cell of the MMC showing the different components.

and (b), respectively. The upper arm voltage waveform [see
Fig. 12(a)] contains a considerable percentage of switching fre-
quency harmonics. In addition to the dc component, the spec-
trum comprises a second harmonic component due mainly to
the power balance between the upper and lower converters [32].
However, it contains a third (and other triplen) harmonic com-
ponents, because of the addition of the common mode signal.
As seen in Fig. 12(b), the switching frequency harmonics do not
appear in the phase voltage spectrum.

Now, to examine the accuracy and robustness of the developed
observer based on (10) and (16), some simulation results are
presented. These results will be experimentally assessed in the
next section. Therefore, the main parameters are the same as the
parameters used in the experiments as provided in Table III.

Fig. 13 displays the actual capacitor voltages and estimated
voltages in phase A, respectively. As illustrated in Fig. 14, it
is clear that the observer has acceptable performance for ca-

pacitor voltage estimations while the voltage estimation error is
acceptable.

Furthermore, Fig. 15 presents the estimated capacitance by
developed observer which is satisfactory. In steady state, the
estimation error compared with the nominal value (3.3 mF) is
about 3%.

For evaluating the robustness of the proposed observer with
respect to circuit parameters deviations, the arm inductance and
dc-capacitance are increased by 10% and 20% of their nominal
values, respectively. The efficiency of the observer behavior
under impact of a mentioned mismatch is clearly evident from
Fig. 16.

In Fig. 17, the estimator performance is shown in more detail.
Here, is possible to see how the estimated currents are similar
to the measured ones.

From these figures, it can be verified that the proposed adap-
tive observer has achieved satisfying performance in spite of
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Fig. 19. Schematic diagram of the observer experimental setup with the components.

Fig. 20. Experimental reference modulation signals. Fig. 21. Experimental waveform of pole voltage VA O .
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Fig. 22. Measured waveforms of upper (CH2) and lower (CH3) arm voltages
for phase A.

Fig. 23. Measured waveforms of output voltage (top), upper and lower arm
currents (the middle plots), and load current (bottom) in phase A.

a mismatched uncertainties consisting of the circuit parameter
variation.

VI. EXPERIMENTAL RESULTS

A laboratory setup of a 10 kVA/600 V three-phase MMC has
been constructed to verify the operation principle of the pro-
posed PWM strategy previously described. Fig. 18(a) shows the
photograph of the laboratory prototype. There are three cells in
each arm of the MMC. Each cell is fabricated on a supporting
plate with the devices, the gate drivers together on the board and
measurements as illustrated in Fig. 18(b). The switches are real-
ized using IGBTs from Semikron (SKM100GB123D). A DSP
(TMS320F2812) and an FPGA (XCV300) have been used as
control platform for generating the PWM pulse patterns for the
cells, voltage and current sampling as well as coordination of
data acquisition. Here, the voltage sensor used is LV-25P from
LEM, fabricated on a PCB board to measure the capacitor volt-
age. The LS-PWM algorithm is performed with a 2 kHz carrier
frequency. Power to the dc-link of the converter is provided by

a controllable rectifier. The parameters of the laboratory setup
are given in Table III.

In addition, in order to validate the results of the analysis
and simulation of an efficient capacitor voltage observer, a
schematic diagram shown in Fig. 19 has been implemented.
A dSPACE DS1104 controller board is used to carry out the
estimator and the real-time algorithm. The observer will work
as a software sensor working in parallel with the hardware mea-
surement part. The current and voltage measurements as well as
IGBTs gate commands are connected to the DS1104 interface
board. Coding of a real-time scheme is conducted using C lan-
guage through real-time interface library in MATLAB/Simulink
Blockset allows compiling the code on processor. The dSPACE
ControlDesk software makes it possible to experiment with the
real-time application.

The dc-link voltage is fixed to 520 V. The experiment has been
done that aims for an evaluation of the previously simulated
PWM method. The actual three modulation waveforms with
injection of common mode offset implemented with DSP are
given in Fig. 20. The pole voltage waveform of phase A is
depicted in Fig. 21 for one cycle. There are seven levels in
the voltage waveforms confirming the simulation findings. The
PWM voltage is built up of capacitor voltages which are not
pure dc, but also have some additional harmonics, especially
the second harmonic component, which could cause steep on
voltage steps.

Fig. 22 shows the upper and lower arm voltages in converter
phase A. It should be pointed out that there are four voltage
steps in the waveforms indicating the presence of three cells
per arm. The capacitor voltages are well balanced, as seen from
the constant and equal steps in the waveform. These waveforms
agree with the ideal waveforms presented in Fig. 2. Also, the
upper/lower arm currents along with load current and output
voltage are shown in Fig. 23. It is evident from the aforemen-
tioned results that the experiments provide closely match to
those of the numerical simulations.

The measured and estimated waveforms of capacitor voltages
in phase A top cell, with zoomed version of corresponding
ripples, are compared in Fig. 24(a) and (b), respectively, when
the dc-link voltage is 450 V. The sorting algorithm ensures
that all the capacitors are balanced at (450/3 =) 150 V. This
comparison exhibits that the capacitor voltages are properly
estimated with estimation error converges to small value as
shown in Fig. 25. This is also useful to see the observer behavior
in case of capacitance estimation. Fig. 26 shows the observed
capacitance profile for phase A top cell.

Finally, Fig. 27 shows the experimental waveform for the
response of considering parameters mismatched in arm induc-
tance and dc-capacitance values. The ripples around the rated
reference voltage for the estimated capacitor voltage in top
cell of phase A are detailed in Fig. 27. Therefore, it might
be expected that parameter variation within acceptable lim-
its does not have any detrimental impact on the estimation
purpose.

It can be concluded that the proposed PWM strategy and
estimation scheme are effective in reducing switching frequency
as well as capacitor voltage monitoring.
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Fig. 24. Voltage of capacitor in phase A upper arm. (a) Measured (CH2) and estimated waveform (CH1). (b) Measured (CH2) and estimated (CH1) voltage
ripples across capacitor.

Fig. 25. Estimation error of capacitor voltage for top cell, phase A.

Fig. 26. Estimated waveform of cell capacitance value.

Fig. 27. Estimated ripples of the capacitor voltage in top cell, phase A when
subject to parameter uncertainties as L1 = 1.1L1 , C = 0.8C .

VII. CONCLUSION

This paper has provided an adaptive observer that is able to
estimate the capacitor voltages of MMC. The structure of the
observer is well adapted since it takes into account the capaci-
tance value of the cell capacitor as a parameter uncertainty. The
Lyapunov-based adaptation laws are derived using the stability
theory. It is investigated that high observer gains are necessary
to achieve observer stability.

The MMC is run using the LS-PWM technique, where the
harmonics in the phase voltage are shifted to twice of the switch-
ing frequency. A detailed analysis of the PWM strategy used for
this purpose has been described in this paper. It utilizes a single
carrier and modulating waveforms to determine the duty cycles
of individual cells. An interesting feature of this method is that
there is no need to calculate the duty cycle of each cell.

Simulation results and experimental tests have confirmed that
both strategies are feasible and effective. As a final remark,
the findings of this study are applicable for other multilevel
converters especially with a modular structure.
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