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Abstract

Thanks to the series of connections taking place in commutation cells, flying-capacitor converters provide a means of increasing
power and voltage, better harmonic content with reduced dv/dt and can be reconfigured in order to work in degraded mode.
However, all these advantages come to the price of a more complex structure, which leads to more complex control strategies. On
the other hand, capacitor voltages sensors which are usually expensive, bulky and can degrade the system’s reliability, especially in
a hostile environment. To overcome both problems (control complexity and capacitor voltages measurements) and motivated by an
industrial application with GS Maintenance company, a simple control strategy and an adaptive observer, scalable to any number of
cells, are designed for a multi-level DC bus midpoint three-phase FCI (Flying-Capacitor Inverter). Furthermore, the stability of the
proposed control strategy and observer design is proved by means of Lyapunov theory. Finally, the good performance under load
resistance, cells capacitor and input variations through experimental results is showed in case of a DC bus midpoint 3-cells 4-levels
three phase FCI.

Keywords: Multilevel flying capacitor inverter, Direct control strategy, Observer design, Lyapunov stability, Robustness, Texas
instruments DSP, Xilinx FPGA.

1. Introduction

High power levels are needed in many industrial applications:
active filters, motor drives, HVDC (High-Voltage Direct Cur-
rent) transmission, FACTS (Flexible Alternating Current Trans-
mission System) Lezana et al. (2008), Meynard et al. (2002).5

In such applications voltage stress of power electronic switches
should be avoided. In Sweden HVDC Light transmission sys-
tem, March 1997, such phenomena is reduced by connecting in
series power electronic switches Eriksson et al. (1998). How-
ever, voltage balancing among devices at steady and transient10

states is the main problem arising beyond this technique Van
Nguyen et al. (2010). Thereby, the use of multi-level FCI in-
troduced by Meynard and Foch in 1992 Meynard and Foch
(1992) appears as a natural solution. As it is composed of a
series of elementary commutation cells, linked with floating15

voltage sources, it can be used in high voltage with minimum
voltage stress on switching devices (high voltages distribution
over more switching elements) and generate an output volt-
age with reduced harmonic content. Moreover, it offers low
voltage jump (dv/dt), which results in reduced stress on motor20

bearing in drive applications Ghanes et al. (2016), Stala et al.
(2009). Also, its output frequency is multiplied by its cell num-
ber, which allows reducing the filtering elements.
However, the constraint of this type of converter is that the
presence of flying capacitors requires balancing their voltages.25

To solve the problem of voltage capacitors balancing, several
methods are presented in literature with different control laws:

open loop controllers that guarantee a natural balancing Shukla
et al. (2011), Thielemans et al. (2010) and closed loop con-
trollers that can improve balancing dynamics Ben Said et al.30

(2014), Brychcı́n et al. (2016).
Motivated by an industrial application with GS Maintenance
company, the first contribution of this work is to extend the sim-
ple direct control law combining the projection strategy with
a classical sliding mode technique, proposed in Laamiri et al.35

(2017), for a multi-level DC bus midpoint three-phase FCI scal-
able to any number of cells. To the best knowledge of the au-
thors, this type of control is not yet designed for this topology.
On the other hand, whenever the number of levels increases,
multi-level FCI needs a large number of capacitors and more40

voltage sensors which increase the cost and the complexity of
the system. Thus, the estimation of the capacitor voltages by
an observer has become an attractive solution and is less ex-
pensive. Many types of observers for multi-level converters are
proposed such as finite-time observers Defoort et al. (2011),45

Benzineb et al. (2013) and adaptive observers Ghanes et al.
(2014), Ghanes et al. (2016).
Motivated again by an industrial application with GS Mainte-
nance company, the second contribution of this work is to pro-
pose an adaptive observer to estimate capacitor voltages of a50

multi-level DC bus midpoint three phase FCI scalable to any
number of cells by using only current sensors. To the best
knowledge of the authors, the dedicated observer has not yet
been considered in the literature for the proposed inverter topol-
ogy.55
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Furthermore, stability analysis of the proposed control strat-
egy, of the dedicated observer and of the observer based control
strategy are given by using Lyapunov theory.
Finally, the proposed observer based control strategy has been
implemented in a real-time against an experimental set-up in60

case of a DC bus midpoint 3-cells 4-levels three phase FCI. To
show the applicability of the proposed methodology when the
number of cells increases, simulation results are presented in
case of a 7-cells 8-levels FCI (the experimental set-up of this
case is in progress at GS Maintenance company and is confi-65

dential).
This paper is organized as follows. In section 2, a modeling
of the DC source midpoint multi-level three phase FCI and
its characteristics are presented. The proposed control strat-
egy is presented in section 3 while section 4 details the design70

of the dedicated observer for the considered inverter topology.
Based on Lyapunov theory the stability analysis of the observer
based control strategy is given in section 5. Section 6 presents,
through experimental tests, the performances (tracking and ro-
bustness) of the proposed control and observer methodology in75

case of a DC bus midpoint 3-cells 4-levels three phase FCI and
shows simulation results in case of a 7-cells 8-levels FCI. The
paper ends with a conclusion in section 7.

2. DC source midpoint multi-level three phase FCI model-
ing80

2.1. Operating principle

The presented three phase multi-cell multi-level FCI with a DC
source midpoint is illustrated in Figure 1.
The system under study consists of p-cells, separated by p − 1
capacitors for each leg. The series connection between these85

cells, linked by capacitors, and a RL load can be considered
as continuous sources Al-Hammouri et al. (2012), Sadigh et al.
(2010).

Figure 1: Three phase p-cells inverter connected to a RL load90

Each cell contains two complementary power electronic com-
ponents controlled by a binary (discrete) switch uk, k=[1, 2, ..., p].
uk=1 (respectively uk=0) when the upper switch (respectively

lower switch) in cellk is conducting. It is a hybrid system where
both continuous (floating capacitor voltages) and discrete (bi-
nary switches) variables evolve.
In order to ensure normal operations, it is necessary to guaran-
tee a balanced distribution of the capacitor voltages as following
Béthoux et al. (2008), Aguilera et al. (2015).

Vck = k
E
p

(1)

where E is the DC source.
Each cell k is located between two floating capacitor voltages,
so

Vcellk = Vck − Vck−1 (2)

where Vc0 = 0 and Vcp = E.
Cell voltages take the same value under equilibrium conditions.
Therefore

Vcellk =
E
p
. (3)

Consequently, electrical stresses on each switch are reduced
and more equally distributed as each switch must withstand E

p
volts Aguilera et al. (2015), Hosseini et al. (2009).
Depending on the configuration of switches, output voltages
have p+1 levels: [−E

2 , (
−E
2 + E

p ), ..., ( E
2 −

E
p ), E

2 ], which means that95

dv/dt decreases compared to classical structures of converters.

2.2. Modeling
Each leg of multi-level FCI with a DC source midpoint can be
represented by p differential equations (4)

dVck j

dt = 1
Ck j

∆uk ji j

di j

dt = −
p−1∑
k=1

∆uk j
Vck j

L j
−

R j

L j
i j + (up j −

1
2 ) E

L j

(4)

where j refers to legs a, b or c, k = 1, ..., p − 1 represents the
number of capacitor voltages, Vck j is the capacitor voltage of
leg j, Ck j denotes the capacitor k of leg j and i j is the output
current of leg j.
The binary (discrete) switch k of leg j is represented by uk j and
the current path is defined as

∆uk j = u(k+1) j − uk j. (5)

R j and L j are the load resistance and load inductance of leg j,
respectively.
The state space representation is given by100 {

Ẋ j = A j(∆u)X j + B j(up j, E) + D j(E)
y = CX j

(6)

where ∆u = [∆u1 j, ...,∆u(p−1) j], ∆u ∈ {−1, 0, 1}1×(p−1), X j =[
Vc1 j ... Vc(p−1) j i j

]T
,

A j(∆u) =


0 ... 0 ∆u1 j

C1 j

...
...

...
...

0 ... 0 ∆u(p−1) j

C(p−1) j

−
∆u1 j

L j
... −

∆u(p−1) j

L j
−

R j

L j


,

2



C =
[
0 ... 0 1

]
, B j(up j, E) =

[
0 ... 0 up j

L j
E
]T

and D j(E) =[
0 ... 0 − E

2L j

]T
.

An average model of the inverter Benzineb et al. (2011), in
which all the signals are continuous, can be defined as follows

dVck j

dt = 1
Ck j

∆αk ji j

di j

dt = −
p−1∑
k=1

∆αk j
Vck j

L j
−

R j

L j
i j + (αp j −

1
2 ) E

L j

(7)

where the switching controls ∆uk j are replaced by their aver-
age values (duty cycles) along the sample period, i.e. ∆αk j =
1
Ts

∫ Ts

0 ∆uk jdt, with ∆αk j = α(k+1) j − αk j.

3. Control strategy

3.1. Principle105

As it was mentioned in the introduction, the capacitor voltages
control objective of the DC source midpoint multi-level three
phase FCI is relevant. In this part a direct control strategy,
which is scalable and easy to implement is proposed to achieve
the objective. The idea is to find a switching state uk (con-
trol) for each leg j of the inverter in order to bring to zero fast
as possible the error between the measured capacitors voltages
and the reference (desired) ones, defined as follows

∆Vck j = Vck j − Vck j−re f . (8)

Assumption 1. The capacitor reference Vck j−re f is considered
constant.

Defining λ as the number of upper switches turned ON.
If λ = 0, the output voltage V j takes the value − E

2 .
If λ = p, the output voltage V j takes the value E

2 .
If λ , 0 and λ , p, for each leg, a strategy of control is pro-
posed, which consists of computing ∆Vck, defined in (8), on
each one of the p − 1 possibles evolution of the capacitor volt-
ages dynamics V̇ck j and picking the largest one for each leg j
given by (9).
This proposed control strategy can be written in a formal way
as follows

ubest j = {
(
u(p−1) j, ..., u1 j

)
/max{∆Vck j.V̇ck j}} (9)

where ubest j is the largest projection, which corresponds to a
sequence of control

(
u(p−1) j, ..., u1 j

)
, where uk is defined in sub-

section 2.1. It is used on the current path (5) and applied to
the power components of the inverter (see Figure 1) in order to
control the capacitor voltages.
By replacing in (9) the dynamics V̇ck j by its expression given in
(4), the control strategy (9) can be rewritten as

ubest j = {
(
u(p−1) j, ..., u1 j

)
/{max(∆Vck j.∆uk j)sign(i j)} (10)

which allows to simplify the computation for each leg of the
inverter.110

3.2. Implementation issues
As it can be seen from the proposed control strategy (10) that
only the sign of the current for each leg of the inverter i j is
needed (exact value of i j is not necessary).
In other terms, only the current direction i j is needed, which115

simplifies the sensing circuitry that can be reduced to a single
comparator. Another advantage in doing so is to reduce the cost
of using an analog to digital converter (ADC) in digital systems,
which is an expensive resource. A simple digital input indicat-
ing whether the current is positive or negative makes the job.120

In terms of capacitor voltages, the accuracy of measurement is
not needed because a margin of error is tolerated on the ca-
pacitor voltages. The objective of the proposed observer based
control (see next sections) is to assign the voltage output of the
inverter to its reference and to keep the capacitor voltages on125

the fixed margins. Table 1 presents the evolution of capacitor
voltages (charging, discharging or floating) under the action of
the proposed strategy with the aim to show its simplicity, where
u j = [up j, u(p−1) j,. . . , u2 j, u1 j] is the state switching vector for
leg j. The state switching applied for voltage capacitors bal-130

ancing ubest j is what assures the maximum scalar product with
∆Vc j.

uj Vc(p-1)j Vc(p-2)j · · · · · · Vc2j Vc1j
[0,0,. . .,0,1] ∼ ∼ ∼ ∼ ↘

[0,0,. . .,1,0] ∼ ∼ ∼ ↘ ↗

...
...

...
...

... ∼

... ∼
...

...
...

...

[0,1,. . .,0,0] ↘ ↗ ∼ ∼ ∼

[1,0,. . .,0,0] ↗ ∼ ∼ ∼ ∼

Table 1: Capacitor voltages evolution in the p-cells inverter with positive load
current i j and λ = 1135

3.3. Stability analysis
The control strategy described in subsection 3.1 allows to choose
the current path ∆uk j, defined in (5), as follows

∆uk j = −sign(i j)sign(∆Vck j) (11)

which corresponds to have λ, the number of upper switches
tuned ON different from 0 and p, i.e. λ = 1, ..., p − 1.
In the case where ∆uk j = 0, k = 1, ..., p−1, occurs in an interval
of time [ti; ti+1[, which corresponds to have λ equal to 0 or 1, all
capacitors of the inverter are bypassed.
By using assumption 1, the dynamics of (8) is given by

∆V̇ck j = ∆uk j
i j

Ck j
(12)

where the current path ∆uk j used in the first equation of (4) is
replaced by (11).140

Lemma 3.1. Let assumption 1 hold. Then, the capacitor volt-
ages error dynamics (12) of the inverter with the proposed con-
trol strategy (10)-(11), has an asymptotic stability if the cur-
rent path ∆uk j and the output current i j are different from zero.

3



When ∆uk j or i j is equal to zero, the capacitor voltages error145

dynamics (12) is Lyapunov stable.

Proof 3.2. To prove the stability of the proposed control strat-
egy, let be Vctrl a Lyapunov candidate function

Vctrl =

p−1∑
k=1

1
2

∆Vck j
2 (13)

The first derivative of (13) along trajectories of (12) (where
(11) is replaced) is given by

V̇ctrl = −

p−1∑
k=1

∆Vck jsign(∆Vck j)sign(i j)
i j

Ck j

= −

p−1∑
k=1

|∆Vck j|
|i j|

Ck j
< 0

(14)

where Vck j−re f is considered constant.
Consequently, the asymptotic stability of (12) is ensured by the
proposed strategy when ∆uk j and i j are different from zero. Ac-
cording to Poznyak et al. (2011), this is a sufficient condition150

for finite-time convergence.
However, when the current path (resp. the output current) is
equal to zero (∆uk j = 0 (resp. i j = 0)), the Lyapunov function
defined in (13) is constant (V̇ = 0), which means that there is
no evolution of the capacitor voltages, i.e. no current passes155

through the capacitors (all capacitors are bypassed). Conse-
quently, only a Lyapunov stability of the dynamics error (12) is
ensured.

Remark 1. If assumption 1 is not satisfied (DC bus voltage of
the inverter presents some fluctuations), the condition of stabil-
ity in (14) becomes as follows

V̇ctrl ≤ −

p−1∑
k=1

|∆Vck j|

(
|i j|

Ck j
− |V̇ck j−re f |

)
,

which implies that

|V̇ck j−re f | <
|i j|

Ck j
. (15)

In practice, inequality (15) is almost satisfied because the vari-
ation of Vck j−re f is close to zero except for the special cases160

such as spikes or sudden failures of the DC bus voltage. In
the present work, this variation (perturbation) is due to power
switches elements (quality of the snubber) and it is function of
the current load amplitude. As is shown for example in figure 5,
no perturbation appears when the current load is equal to zero,165

therefore condition (15) is verified. Moreover, the capacitors
Ck j are sized to cancel the effect of this sudden variation.

4. Observer

In this section, the observer design for the proposed DC bus
midpoint multi-level three phase FCI modeled by (6) is pre-170

sented by taking into account the observability study described

in the following subsection. The observability study and the
observer design are presented and analyzed based on instanta-
neous model ((4) and (16)) whereas switching control law uk is
introduced by mean of state (0 or 1).175

4.1. Observability study and new modeling

Observability study.
This study aims to characterize the observability of the capaci-
tor voltages Vck j, using the measured output current i j (and its
derivatives) and the grid voltage E. For that, the dynamic equa-180

tion of the output current given in (4) is considered.
Then, p−1 distinct cases can be observed from current path (5).
- During switching time t1: ∆u = [∆u1 j, ...,∆u(p−1) j] = [1, 0, ..., 0] :
Vc1 j is observable and V̇ck j = 0 for k = 2, ..., p − 2 (Vck j are not
observables).185

- During switching time t2: ∆u = [∆u1 j, ...,∆u(p−1− j] = [0, 1, 0, ..., 0] :
Vc2 j is observable and V̇ck j = 0, k = 1, ..., p − 1, k , 2 (Vck j are
not observables).
- During switching time tk: ∆u = [∆u1 j, ...,∆u(p−1) j] = [0, ..., 0, 1] :
Vc(p−1) j is observable and V̇ck j = 0, j = 1, ..., p − 2 (Vck j are not190

observables).

Definition 4.1. A specific switching sequence (see also Kang
et al. (2009), Ghanes et al. (2014)) is defined when Tc is large
enough to contain at least the p−1 configurations ∆u = [1, 0, ..., 0],195

..., ∆u = [0, 0, ..., p − 1]. The switching state ˜sw associated to
[t−Tc, t] is called a switching sequence (see also Lygeros et al.
(2003)) where Tc is a cycle of time.

Then if for any t there are t1, t2, ..., tp−1 in [t − Tc, t] such that

rank


∆u1 j(t1) ... ∆u(p−1) j(t1)
∆u1 j(t2) ... ∆u(p−1) j(t2)

... ...
...

∆u1 j(tk) ... ∆u(p−1) j(tk)

 = p− 1, then Vc1 j, ..., Vc(p−1) j200

are observables.
With respect to observability study of DC bus midpoint multi-
level three phase FCI, the objective is to split the model (6) into
a (p − 1)-subsystems in order to make the observer design pos-
sible, to estimate the capacitor voltages Vck j, ..., Vc(p−1) j. In do-205

ing so, a set of observers will be designed for the whole system,
from the separate synthesis of set observers for each subsystem.

New modeling.
With this aim in view, the DC bus midpoint multi-level three210

phase FCI model (6) can be rewritten in the following coupled
(p − 1)-subsystems of the form

Σ :



Ẋ1 j = A1 j(∆u1 j)X1 j + B j(∆u, y) + D j(y)
+W1 j(∆u, X)

Ẋ2 j = A2 j(∆u2 j)X2 j + B j(∆u, y) + D2(y)
+W2 j(∆u, X)

...
Ẋ(p−1) j = A(p−1) j(∆u(p−1) j)X(p−1) j + B j(∆u, y)

+D j(y) + W(p−1) j(∆u, X)
y = C̄Xk j

(16)

4



with Xk j =

[
i j

Vck j

]
, Ak j(∆uk j) =

−R j

L j
−

∆uk j

L j
∆uk j

Ck j
0

, k = 1, ..., p − 1,

Wη j(∆u, X) = − 1
L j

[∑p−1
k=1,k,η ∆uk jVck j 0

]T
, η = 1, ..., p − 1,

B j(∆u, y) =

[ E
L j

up j

0

]
, D j(y) =

[
− E

2L j

0

]
, C̄ =

[
1 0

]T
.215

The studied observability (4.1) means that the capacitors Ck j

should be crossed by the current flow (5) for a time that would
be long enough. These two conditions are respectively ensured
by the following assumptions.

Assumption 2.220

1. The p − 1 configurations of switches ∆u = [1, 0, ..., 0], ...,
∆u = [0, 0, ..., p − 1] are applied at least one time.
2. Considering ti, the switching instants between two configu-
rations of switches among the p ones defined in (5) and τmin the
dwell time. Then, there exists a constant τmin > 0 such that the225

length (ti+1 − ti) of any interval of time [ti; ti+1[ is greater than
τmin.

Property 1.
Wη j(∆u, X) is Lipschitz w.r.t X and uniformly w.r.t. ∆u.

4.2. Observer design230

By taking into account the observability study described in sub-
section (4.1) and based on model (16), the observer design is
presented for the studied DC bus midpoint multi-level three
phase FCI

O :



˙̂X1 j = A1 j(∆u1 j)X̂1 j + B j(∆u, y) + W1 j(∆u, X̂)
+D j(y) + gu1 jΞ

−1
1 j C̄T (y − ŷ)

Ξ̇1 j = −ζ1 jΞ1 j

+u1 j

[
−AT

1 j(∆u1 j)Ξ1 j − Ξi
1 jA1 j(∆u1 j)

]
+2gu1 jC̄T C̄

˙̂X2 j = A2 j(∆u2 j)X̂2 j + B j(∆u, y) + W2 j(∆u, X̂)
+D j(y) + gu2 jΞ

−1
2 j C̄T (y − ŷ)

Ξ̇2 j = −ζ2 jΞ2 j

+u2 j

[
−AT

2 j(∆u2 j)Ξ2 j − Ξ2 jA2 j(∆u2 j)
]

+2gu2 jC̄T C̄

...
˙̂Xp−1 = A(p−1) j(∆u(p−1) j)X̂(p−1) j + B j(∆u, y)

+W(p−1) j(∆u, X̂) + D j(y)
+gup−1Ξ−1

(p−1) jC̄
T (y − ŷ)

Ξ̇(p−1) j = −ζ(p−1) jΞ(p−1) j

−u(p−1) j

[
AT

(p−1) j(∆u(p−1) j)Ξ(p−1) j

]
−u(p−1) j

[
Ξ(p−1) jA(p−1) j(∆u(p−1) j)

]
+2gu(p−1) jC̄T C̄

ŷ = C̄X̂k j, k = 1, ..., p − 1,
(17)

where X̂k j =

[
Î

V̂ck j

]
,

Wη j(∆u, X̂) = − 1
L j

[∑p−1
k=1,η,k ∆uk jV̂ck j 0

]T
, η = 1, ..., p − 1,

guη j = |uη j|
[∏p−1

k=1,η,k(1 − |uk j|)
]
, ζ1 j > 0, ..., ζ(p−1) j > 0 and

Ξ−1
1 j C̄T , ...,Ξ−1

(p−1) jC̄
T are the gains of the observer. Ξ1 j, . . . ,Ξ(p−1) j

are symmetric positive definite matrices and bounded away from
zero (see Ghanes et al. (2014) for more details in case of p = 3
(3 cells) and j = a (chopper)). To prove the convergence of the
proposed observer, the estimation error between system (16)
and observer (17) is considered

e1 j = X1 − X̂1

e2 j = X2 − X̂2
...

e(p−1) j = Xp−1 − X̂p−1

(18)

whose dynamics is

ė1 j =
(
A1 j(∆u1 j) − gu1 jΞ

−1
1 j C̄T C̄

)
e1

+W1 j(∆u, X) −W1 j(∆u, X̂)
...

ė(p−1) j =
(
A(p−1) j(∆u(p−1) j) − gu(p−1) jΞ

−1
(p−1) jC̄

T C̄
)

e(p−1) j + W(p−1) j(∆u, X) −W(p−1) j(∆u, X̂)
(19)

Theorem 4.2. Consider system (16) and property 1 with as-
sumptions 2-1, 2-2 hold. Then, observer (17) is an exponen-
tial observer of system (16) with large enough tunning gains
ζk j > 0.235

Proof 4.3. Let Vobs be a Lyapunov candidate function

Vobs =

p−1∑
k=1

eT
k jΞk jek j. (20)

The expression of its dynamics reads as

V̇obs = −ζ1 jeT
1 jΞ1 je1 j + (1

−|u1 j|)eT
1

[
AT

1 j(∆u1 j)Ξ1 j + Ξ1 jA1 j(∆u1 j)
]

e1 j

+2eT
1 jΞ1 j

[
W1 j(∆u, X) −W1 j(∆u, X̂)

]
+ . . .
−ζ(p−1) jeT

(p−1) jΞ(p−1) je(p−1) j

+(1

−|u(p−1) j|)eT
1

[
AT

(p−1) j(∆u(p−1) j)Ξ(p−1) j

]
e(p−1) j

+(1

−|u(p−1) j|)eT
1

[
Ξ(p−1) jA(p−1) j(∆u(p−1) j)

]
e(p−1) j

+2eT
(p−1) jΞ(p−1) j

×
[
W(p−1) j(∆u, X) −W(p−1) j(∆u, X̂)

]
(21)

From (21), two situations can happen.
Situation 1:
When ∆uk j , 0 defined in (11) (1 or −1) occurs in an interval
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of time [ti; ti+1[, then the derivative of Vobs (21) becomes

V̇obs ≤ −ζ1 jeT
1 jΞ1 je1 j + 2‖e1 j‖‖Ξ1 j‖

×‖
[
W1 j(∆u, X) −W1 j(∆u, X̂)

]
‖

+ . . .
−ζ(p−1) jeT

(p−1) jΞ(p−1) je(p−1) j

+2‖e(p−1) j‖‖Ξ(p−1) j‖

×‖
[
W(p−1) j(∆u, X) −W(p−1) j(∆u, X̂)

]
‖

(22)

From property 1 and by using the following inequalities
λk j‖ek j‖

2 ≤ ‖ek j‖
2
Ξk j
≤ λk j‖ek j‖

2,√
V(ez)

√
V(ey) ≤ ν

2 V(ez) +
V(ey)

2ν , ∀ ν ∈ ]0, 1[, where λk j and λk j
are the largest and smallest eigenvalues of Ξk j respectively.

V̇obs ≤ −ζ1 jeT
1 jΞ1 je1 j + |∆u2 j| µ(1,2) j νV1 j

+|∆u2 j| µ(1,2) j
1
ν
V2 j

+ . . . + |∆u(p−1) j| µ(1,(p−1)) j νV1 j

+|∆u(p−1) j| µ(1,(p−1)) j
1
ν
V(p−1) j

−ζ2 jeT
2 jΞ2 je2 j + |∆u1 j| µ(2,1) j νV2 j

+|∆u1 j| µ(2,1) j
1
ν
V1 j

+ . . . + |∆u(p−1) j| µ(2,(p−1)) j νV1 j

+|∆u(p−1) j| µ(2,(p−1)) j
1
ν
V(p−1) j

− . . .
...
−ζ(p−2) jeT

(p−2) jΞ(p−2) je(p−2) j + . . .

−ζ(p−1) jeT
(p−1) jΞ(p−1) je(p−1) j

+|∆u1 j| µ((p−1),1) j
1
ν
V(p−1) j

+|∆u1 j| µ((p−1),1) j νV1 j

+ . . . + |∆u(p−2) j| µ((p−1),(p−2)) j νV(p−1) j

+|∆u(p−2) j| µ((p−1),(p−2)) j
1
ν
V(p−2) j

(23)

where µ(1,2) j =
‖Ξ1 jPr‖

L
√
λ1 jλ2 j

, µ(2,1) j =
‖Ξ2 jPr‖

L
√
λ2 jλ1 j

, µ(1,(p−1)) j =
‖Ξ1 jPr‖

L
√
λ1 jλ(p−1) j

,

µ(2,(p−1)) j =
‖Ξ2 jPr‖

L
√
λ2 jλ(p−1) j

, . . ., µ((p−1),1) j =
‖Ξ(p−1) jPr‖

L
√
λ(p−1) jλ1 j

, . . ., µ((p−1),(p−2)) j =

‖Ξ(p−1) jPr‖

L
√
λ(p−1) jλ(p−2) j

.

Then, by writing (23) in a compact form in terms of Vk j, it fol-
lows {

V̇obs ≤ −α j
∑p−1

k=1 Vk j = −α j Vobs (24)

where observer gains ζ j = min{ζ1 j, ..., ζ(p−1) j} are selected ac-
cording to (25).

α1 j = ζ1 j − µ̄1 j > 0
...
α(p−1) j = ζ(p−1) j − µ̄(p−1) j > 0

(25)

with µ̄1 j =
(
|∆u2 j| µ(1,2) j ν + ... + |∆u1 j| µ(2,1) j

1
ν

)
, . . . ,

µ̄(p−1) j =
(
|∆u1 j| µ((p−1),1) j

1
ν

+ ... + |∆u(p−1) j| µ(1,(p−1)) j ν
)
.

Situation 2:
When ∆uk j = 0, k = 1, ..., p − 1 (all capacitors are bypassed)240

occurs in an interval of time [ti; ti+1[, the matrices Ak j defined
in (16) are stables, Wη j(∆u, X), Wη j(∆u, X̂) defined in (16), (17)

are equal to zero, and as Ξk j are positives definite, then the
derivative of Vobs (21) reads

{
V̇obs ≤ −ζ1 jeT

1 jΞ1 je1 j . . . − ζ(p−1) jeT
(p−1) jΞ(p−1) je(p−1) j

≤ −ζVobs
(26)

where ζ j = min{ζ1 j, ..., ζ(p−1) j} and ζk j > 0.245

Finally, from situations 1 and 2, the worst inequality of V̇obs

is given by (24). Thus, by choosing the observer (17) gains
(ζk j) as stated in (25), capacitor voltages estimates V̂ck j of the
DC source midpoint multi-cell multi-level three phase FCI con-
verge exponentially to their real values Vck j where the rate of250

convergence is fixed by ζk j. This ends the proof.

5. Stability analysis of the “observer based control strat-
egy”

As mentioned in the introduction, the use of physical sensors
to measure the capacitor voltages is to be avoided (cost and255

failures increasing, reliability reducing, ...). Consequently for
real implementation, the measured capacitor voltages Vck j used
by the proposed control strategy (10)-(11) are replaced by their
estimates V̂ck j given by the proposed observer (17) (software
sensor), resulting in the new control strategy260

∆uk j = −sign(i j)sign(∆V̂ck j) (27)

where ∆V̂ck j = V̂ck j − Vck j−re f .

Theorem 5.1. Consider system (6) where (17) is an associated
high gain (ζ) observer of (16). Under the action of the proposed
control strategy (27), capacitor voltages Vck j of the DC source
midpoint multi-level three phase FCI converge asymptotically265

to their references Vck j−re f .

Proof 5.2. Let be

VT = Vctrl + Vobs =

p−1∑
k=1

1
2

∆V2
ck j +

p−1∑
k=1

eT
k jΞk jek j (28)

the candidate Lyapunov function whose dynamics along the tra-
jectory of (17) (where (27) is applied) is

V̇T ≤ −

p−1∑
k=1

|∆V̂ck j|
|i j|

Ck j
+

p−1∑
k=1

Prek jsign(∆V̂ck j)
|i j|

Ck j

−α jVobs

where Vck j−re f is considered constant and Pr =

(
0 1
0 0

)
. By

selecting ζk j in (25) large enough, the dynamics of the observer
will be fast, then ek j will have a fast exponential convergence to
zero (V̂ck j will converge fast to Vck j). Consequently

V̇T ≤ −

p−1∑
k=1

|∆Vck j|
|i j|

Ck j
− γVobs. (29)

From (29), it can be concluded that capacitor voltages Vck j of
the DC source midpoint multi-cell multi-level three phase FCI270

track their reference trajectories Vck j−re f under the action of the
proposed control strategy (27). This ends the proof.
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6. Experimentation

In this section, the proposed control strategy associated with the
designed observer in closed loop is implemented in case of a275

DC bus midpoint 3-cells 4-levels 3-phase FCI. In this case, p in
(16) and (17) is replaced by 3, which gives k = 1, 2. Recall that
j refers to legs a, b and c of the considered FCI. According to
(25), the observer gains are chosen as follows: ζ1 j = ζ2 j=1000
(more details about the choice of these gains can be found in280

Ghanes et al. (2014)).

6.1. Test bench description

The experiment test bench is shown in Figure 2. It is com-
posed of a 3-cells 4-levels three phase flying capacitor inverter
fed by a continuous supply obtained with a bridge rectifier and285

connected to a RL load. To control it, two electronic boards
from GS Maintenance company are used. The first board is
the SCR Flex that is based on a T MS 320F2812 Texas Instru-
ments DSP and a Spartan 3 Xilinx FPGA. Its function is to
compute the proposed observer based direct control and gener-290

ate the state switching vector for 3 legs (only a state of upper
IGBTs). The same FPGA device is present in the second board
which is named K AMS. This board is used to generate the
complementary signals for 3 legs (a state of lower IGBTs) with
a configurable deadband time. The software deployed in the295

DSP is generated from Matlab/Simulink models and the VHDL
language is used for programming the 2 FPGA devices. The
behavior of this back is similar to the case of a dSPACE board,
consequently, the experimental results in real time are obtained
in Matlab window.300

The inverter parameters are the following

• E = 300 V; C1 j = C2 j = 470 µF;

• Switching frequency : fs = 2 kHz;

• Sample period : 100 µs;

• L j = 60 mH; R j = 5 Ω.305

Figure 2: 3-cells 4-levels FCI test bench in GS Maintenance company.

Notice that the reference frequency of the inverter output is
fre f = 50Hz for the three cells and fre f = 10Hz for the seven
cells. Different output reference frequencies are chosen in order310

to show the influence of this frequency on the reference of the
capacitor voltages.
In addition to this, it is important to highlight that the capaci-
tor voltages measurements (real) are only given for comparison
with their estimations.315

6.2. Experimental results

Nominal test.
In this section, the results obtained from the proposed observer
based control strategy are shown. The balanced load currents
ia, ib and ic are displayed in Figure 3. It can be observed that its320

have a same amplitude of 7.7 A and have a frequency of 50 Hz.
The three phase output voltages of inverter is shown in Figure
4. It can be noted that its contain 4 levels: ±50 V and ±150 V
as expected for the considered 3-cells inverter.

325

Figure 3: Load currents.

Figure 4: Output voltages.
In Figure 5a and Figure 5c, it can be remarked that capacitor
voltages (real or measured) are well maintained around their330

references ( E
3 and 2∗E

3 for Vc1 and Vc2, respectively) by the pro-
posed control strategy that uses in closed loop the capacitor
voltages estimation. At the same time, the proposed observer
follows the real capacitor voltages accurately.
Besides, in Figure 5b and Figure 5d, the errors between the real335

value and its reference converge and are still around 0, enhanc-
ing the performances of the observer based control.
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(a) (b)

(c) (d)
340

Figure 5: Floating capacitor voltages.
(a) Vc1b−re f , Vc1b, V̂c1b. (b) ∆Vc1b = Vc1b − Vc1b−re f .
(c) Vc2c−re f , Vc2c, V̂c2c. (d) ∆Vc2c = Vc2c − Vc2c−re f .

The transient state is showed by the 3-D representation in Fig-
ure 6 in which it is noticed that at start-up, the tracking er-
ror (between reference and measured voltages) and the esti-
mation errors (between measured and estimated voltages) con-345

verge quickly to 0.

Figure 6: Floating capacitor voltages: tracking and estimation errors in three-
dimensional representation.
∆Vc1b = Vc1b − Vc1b−re f .
eVc1a = Vc1b − Vc1b−re f .
eVc6a = Vc2c − Vc2c−re f .

Robustness tests.
To test the robustness of the proposed observer based control350

strategy, the DC bus voltage has been increased in the set-up
from 300 V to 360 V at t=0.1 s (Figure 7). It can be remarked
that real capacitor voltages Vc1 and Vc2 converge to the refer-
ence values in less than 0.01 s after the disturbance. Moreover
the observer reacts quickly with a good accurate estimation of355

capacitor voltages used by the control strategy in closed-loop.

Figure 7: Floating capacitor voltages: Vc1a−re f , Vc1a, V̂c1a and
Vc2a−re f , Vc2a, V̂c2a with DC bus variation.
Further, the effect of parameters variations is investigated by
changing the cell capacitor C and the load resistance R parame-360

ters in the observer based control strategy within +50% of their
nominal values. It is clear from results plotted in Figure 8a and
Figure 8c that the tracking and estimation of capacitor voltages
is well done and the effect of the capacitor cell C and the load
resistance R variations is not remarkable.365

This result is confirmed by Figure 8b and Figure 8d, which
show that the error between the estimated voltage and the ref-
erence voltage is around 0.
This statement can be explained by the fact that the dedicated
observer is robust against these variations. In fact, the correc-370

tion term of the observer (which depends on the estimation er-
ror) is computed so that it is adapted to the variation of these
parameters.

(a) (b)

(c) (d)
375

Figure 8: Floating capacitor voltages.
(a) Vc1b−re f , Vc1b, V̂c1b with capacitor variation (+ 50%).
(b) ∆Vc1b = Vc1b − Vc1b−re f (+ 50% of C).
(c) Vc2c−re f , Vc2c, V̂c2c with resistance variation (+ 50%).
(d) ∆Vc2c = Vc2c − Vc2c−re f (+ 50% of R).
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Comparison with a PWM control.
Two PWM controls proposed in Khazraei et al. (2010) and

Hemici et al. (2015) are compared to the proposed control strat-
egy under transient and steady state operating modes. Each380

control is associated with the proposed observer in closed loop.
The comparison is made in terms of time response and total har-
monic distortion (THD) by using the same switching frequency
( fs = 2kHz) and the same power (2kW), for each control strat-
egy. Note that in PWM control strategy, the control signal of385

each inverter power switches is generated by the intersection
between carrying triangular signals delayed by 2π

p within fre-
quency fs and sinusoidal modulating signals within frequency
fre f . For each PWM control (Hemici et al. (2015), Khazraei
et al. (2010)), the modulating signals are imposed by PI con-390

trollers output (duty cycles), which are applied to the average
model (7) of each capacitor voltages. Then, PI gains are de-
duced as follows: kp =

2 ζ 2π fPI C
i , ki =

C (2π fPI )2

i .
In general, the bandwidth cutoff frequency of PI controllers
( fPI) could be much lower than the switching frequency. Here,395

a limit value of fPI is chosen to have the largest PI bandwidth
( fPI ≤

fs
2 = 1kHz). The damping coefficient ζ is set to 0, 7 and

i is the nominal load current (7.7A).
The same test of a DC bus variation (variation from 300 V to
360 V at 0.1 s) is made as in Figure 7.400

As can be seen in Figure 9, the proposed observer based control
strategy reacts more quickly than the observer based PWM con-
trol in terms of the convergence of capacitor voltages to their
references. For the proposed observer based control (Figure
9a), the response time is about 0.007 s, while in the observer405

based PWM controls 1 (Figure 9b) and 2 (Figure 9c), it is re-
spectively 0.019 s and 0.02 s.

(a)

(b) (c)
410

Figure 9: Floating capacitor voltages: Vc2a−re f , Vc2a, V̂c2a.
(a) Proposed observer based control.
(b) Observer based PWM control 1.
(c) Observer based PWM control 2.

Moreover, at steady state conditions, Figure 10 shows that the
THD in the case of the proposed observer based direct con-
trol strategy (THD =35.9% in Figure 10a) is lower than the
case when the observer is associated with a PWM control 1415

(THD =37.96% in (Figure 10b)) or with PWM control 2 (THD
=38.03% in (Figure 10c)).

(a)

(b)

(c)
420

Figure 10: FFT harmonic spectrum of the output voltage Vb.
(a) Proposed observer based control.
(b) Observer based PWM control 1.
(c) Observer based PWM control 2.
Table 2 summarizes the comparison between the proposed con-
trol strategy and both PWM control laws.

criterion ProposedPWM 1PWM 2
Power 2 kW 2 kW 2 kW

Response time 0.007 s 0.019 s 0.02 s
THD 35.9 37.96 38.03

425

Table 2: Comparison between the proposed observer based direct control and
two observer based PWM controls.

6.3. Application to a 7-cells 8-levels FCI
To show that the proposed observer based control strategy is
scalable for any number of cells, it was associated with a 7-
cells 8-levels three phase FCI. This inverter has the same pa-430

rameters described in section 6.1, except for E and fre f that are
equal to 308V and 10Hz, respectively. Simulation results for
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the observer based direct control of the 7-cells 8-levels FCI are
presented in Figure 11. Thanks to the use of estimated volt-
ages (computed by the proposed observer) in the direct control435

strategy, the real voltages reach and are maintained around their
references, respectively E

7 = 44V and 6 E
7 = 264V for Vc1a and

Vc6b. It can be remarked that the estimated voltages track the
real values perfectly. The three phase output voltages of in-
verter are presented in Figure 11e. It can be remarked that it440

contains 8 levels: ±22 V, ±66 V, ±110 V and ±154 V as ex-
pected for the considered 7-cells inverter.

(a) (b)
445

(c) (d)

(e)

Figure 11: Simulation results in case of a 7-cells 8-levels FCI.
(a) Vc1a−re f , Vc1a, V̂c1a.
(b) ∆Vc1a = Vc1a − Vc1a−re f .
(c) Vc6b−re f , Vc6b, V̂c6b.
(d) ∆Vc6b = Vc6b − Vc6b−re f .
(e) Output voltages.

The 3-D representation in Figure 12 shows the response of the
proposed observer based control strategy in start-up conditions.450

It can be concluded, that the observer based direct control is
characterized by a fast dynamic performance in tracking the
reference values of capacitor voltages.

Figure 12: Tracking and estimation errors in three-dimensional representation
for a 7-cells 8-levels FCI. ∆Vc1a = Vc1a − Vc1a−re f .
eVc1a = Vc1a − Vc1a−re f .
eVc6a = Vc6a − Vc6a−re f .

455

7. Conclusion

In the first contribution of this work, the control strategy (Laamiri
et al. (2017)) that combines the projection strategy with a clas-
sical sliding mode technique, is generalized for a DC bus mid-
point three-phase FCI with any number of cells. The control460

strategy that allows to achieve the tracking of capacitor voltages
to their references, uses voltage sensors which are expensive
and cumbersome because of the high voltages and the increase
of the number of cells. Moreover, the reliability of the inverter
is reduced because sensors can fail. Thus, the advantage of sup-465

pressing a sensor voltages and using an observation technique
becomes evident. From this point of view, the second contribu-
tion of this work was to propose an adaptive observer to esti-
mate the capacitor voltages for a DC bus midpoint three-phase
FCI with any number of cells. Moreover, the stability of the470

proposed observer based direct control strategy for a multi-cell
three-phase FCI scalable to any number of cells is proved by
means of Lyapunov theory. Experimental results in the case of
a 3-cells 4-levels three-phase FCI showed that the proposed di-
rect control in closed-loop with estimated voltages offers a good475

performance in tracking the reference values and insures the ro-
bustness against the input variation, cell capacitor variation and
load resistance variation. Then, a better quality of the output
voltage is obtained compared to the association of the proposed
observer with a PWM control. The proposed observer based480

control strategy is applied to the case of a 7-cells 8-levels three-
phase FCI. The obtained simulation results are satisfactory and
allow to highlight the applicability of the proposed strategy for
any FCI number of cells. Tests of the observer based direct
control strategy for this type of inverter (7-cells 8-levels three-485

phase FCI) in a real-time set-up is the perspective of this work.
This set-up is in progress and it is considered as confidential at
GS Maintenance company.
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