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Abstract—This paper proposes a novel control strategy for three-
level neutral-point-clamped (NPC) power converter. The proposed
control scheme consists of three control loops, i.e., instantaneous
power tracking control loop, voltage regulation loop, and voltage
balancing loop. First, in the power tracking control loop, a set of
adaptive sliding mode controllers are established to drive the active
and reactive power tracking to their desired values via radial basis
function neural network technology. In the voltage regulation loop,
an efficient but simple adaptive controller is designed to regulate
dc-link output voltage where the load is considered as an external
disturbance. Moreover, a composite controller is developed in the
voltage balancing loop to ensure imbalance voltages between two
dc-link capacitors close to zero, in which a reduced-order observer
is used to estimate sinusoidal disturbance improving the converter
performance. The effectiveness and superiority of the proposed
control strategy for the NPC power converter are compared with
other control schemes through experimental results.

Index Terms—Adaptive sliding mode control (SMC), radial basis
function neural network (RBFNN), reduced-order observer, three-
level neutral-point-clamped (NPC) power converter.

I. INTRODUCTION

NOWADAYS, the problems with environmental pollution
and energy crisis cause constant trouble to people. The

favorable solution for the above issues is to use the renewable
energy sources (RES) such as wind and solar energy, replac-
ing the traditional energy sources. However, high penetration
of RES into power systems will result in problems with power
stability and quality because of the stochastic characteristic of
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RES [1], [2]. The microgrid, which can operate in both grid-
connected and islanded mode, has been comprehensively inves-
tigated to solve the RES integration issue [3], [4]. By using the
multiagent-based model, an adaptive control of energy manage-
ment approach in a microgrid framework has been proposed
in [5]. The dynamic operation and control of microgrid hy-
brid power systems which consist of photovoltaic power, wind
power, fuel cell power, static var compensator, and an intelligent
power controller have been studied in [6].

Power converter as the interface between the RES and the
microgrid ought to integrate the RES into a microgrid effi-
ciently and economically, even in unbalanced load and volt-
age conditions [7], [8]. In the last decades, multilevel power
converter has received wide acceptance due to its enormous ad-
vantages such as less harmonic distortion, better output wave-
forms quality, and more excellent fault tolerant capability, etc.,
[9]–[15]. Three-level neutral-point-clamped (NPC) converter is
one of the simplest multilevel power converter initially intro-
duced in 1971 [16]. At present, this converter is commercialized
worldwide and used in a variety of applications, e.g., RES (so-
lar photovoltaic systems and wind energy systems) [17]–[19],
motor drives (compressors, fans, conveyors, etc.) [20], [21],
telecommunication equipment [22], among others [23], [24].
Compared with traditional two-level converter, three-level NPC
converter has more complex topology and needs more semicon-
ductors. This, meanwhile, brings about a series of problems [25]:
1) the converter requires more complex control algorithms and
modulation techniques and 2) there exists a low frequency volt-
age oscillation in the neutral-point of the dc-link.

Over the past few years, several control approaches including
the classical proportional-integral (PI) control [26], model pre-
dictive control [27]–[29], sliding mode control [30]–[32], and
adaptive control [33], etc., have been reported in the literature
to control the NPC converter. Generally speaking, it is essential
to design three control loops, i.e., instantaneous power tracking
loop, voltage regulation loop, and voltage balancing loop to con-
trol this converter. The instantaneous power tracking loop is the
inner loop whose objective is to ensure instantaneous active and
reactive power tracking towards their references. The objective
of the voltage regulation loop, external loop, is to regulate the
sum of capacitor voltages. The voltage balancing loop balances
the difference of capacitor voltages.

In [33], a model based adaptive direct power control
(MB-ADPC) strategy has been proposed to control NPC
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converter, in which the voltage regulation loop uses PI control
and adaptive technique is applied into the instantaneous power
tracking loop and voltage balancing loop to resist system pa-
rameters uncertainties. An extended state observer (ESO) based
second-order sliding mode (SOSM) control scheme has been
presented in [34], where PI plus an ESO are used to regulate the
sum of capacitor voltages and SOSM controllers are designed
to achieve instantaneous active and reactive power tracking and
the difference of capacitor voltages balance. Based on the result
of [35], the imbalance voltage between the dc-link capacitors
is mainly composed of third harmonic component of the grid
source voltage. A Luenberger observer designed to estimate
the third harmonic voltage component was incorporated into PI
controller to allay the influence of the imbalance voltage distur-
bance in [35]. However, it is observed that most of the reported
works still have the following shortcomings.

1) For the voltage regulation loop, the most common solu-
tion is the PI controller, which cannot perform well when
load changes. In fact, even other advanced controllers like
SOSM controller without additional observer still create
large overshoot when load changes. However, an addi-
tional observer added to the controller make the control
structure complex and increase the on-line computation
of the processor.

2) For the instantaneous power tracking loop, most of the
works cannot consider parametric uncertainties, and the
rate of desired instantaneous active and reactive power
change are usually neglected or make the assumption
knowing its bound.

3) For the voltage balancing loop, individual controller such
as PI controller and SOSM controller without additional
observer cannot work perfectly, i.e., the imbalance voltage
between two capacitors is very big. Several control meth-
ods have been presented to deal with this problem. For
example, one of the most effective and popular approach
is that an observer of asymptotic disturbance rejection,
Luenberger observer, is merged into the controller. How-
ever, this observer is the full-order observer which is dif-
ficult to achieve in practice and increase the on-line com-
putation of processor.

In this paper, a novel control strategy is introduced for the
three-phase three-level NPC power converter to overcome the
aforementioned problems. In the external loop, an efficient but
simple adaptive controller will be designed to regulate dc-link
output voltage, where an adaptive law synchronized with con-
troller is designed to adapt the load change. This control method
not only overcomes the shortcoming of individual controller but
also does not require to add an additional observer. In the in-
ternal loop, a set of adaptive sliding mode controllers will be
used to drive the active and reactive power tracking their de-
sired values, in which the RBF neural network is utilized to
approximate parametric uncertainties and the rate of desired in-
stantaneous active and reactive power change. Compared with
the traditional sliding mode control (SMC), the upper bounds
of the uncertainties need not be known in advance. In fact, one
needs to choose big upper bound in the traditional SMC method
to resist the uncertainty; however, this can lead to amplifying the
chattering problem. In the voltage balancing loop, a composite

Fig. 1. Three-phase three-level NPC converter.

controller is developed to ensure imbalance voltages between
two dc-link capacitors close to zero, in which a reduced-order
observer is used to estimate sinusoidal disturbance. Then the
reduced-order observer is incorporated into the H∞ controller
whose gain is formulated in terms of linear matrix inequities
(LMIs), which can be efficiently solved by MATLAB LMI tool-
box. The H∞ performance index can quantify the disturbance
consisting of observation error and other harmonics rejection
ability of system.

The remaining part of this paper is organized as follows. In
Section II, the state-space averaged model of three-phase three-
level grid-connected NPC power converter, basic knowledge of
RBFNN, and control objectives are presented. The novel control
strategy including instantaneous power tracking loop, voltage
regulation loop, and voltage balancing loop for NPC power con-
verter is proposed in Section III. The comparative experimental
results between our proposed and other control strategy are pre-
sented in Section IV, and conclusions are drawn in Section V.

II. SYSTEM DESCRIPTION AND PRELIMINARIES

A. Converter Description and Modeling

Fig. 1 presents the circuit of a three-phase three-level NPC
power converter as a rectifier. At the ac side, the three-phase
source voltages ea , eb , ec are connected to the converter through
the inductor L. At the dc side, there are two identical capac-
itors C connected to the load resistance RL . The converter
is composed of three legs with a midpoint connection each,
and each leg consists of four insulated-gate bipolar transistors
VTji , i = {1, 2, 3, 4}, j = {a, b, c}, and two clamping diodes
VDj

i , i = {1, 2}, j = {a, b, c}.
Then, the dynamics of inductor currents iαβ = [iα , iβ ]T , the

sum of capacitor voltages x1 = vc1 + vc2 , and the difference of
capacitor voltages x2 = vc1 − vc2 for the NPC converter can be
given in α, β, γ stationary reference frame as [33]

i̇α =
1
L
vα− 1

2L
x1uα +

1
2
√

6L
x2
(
u2
β − u2

α

)− 1√
3L
x2uαuγ

(1)

i̇β =
1
L
vβ − 1

2L
x1uβ +

1√
6L
x2uαuβ − 1√

3L
x2uβuγ (2)
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ẋ1 = − 2
RLC

x1 +
1
C
iTαβuαβ (3)

ẋ2 =
2iTαβuαβuγ√

3C
+

1√
6C

[(
u2
α − u2

β

)
iα − 2uαuβ iβ

]
(4)

where vαβ = [vα , vβ ]T is the grid source voltage and
uαβγ = [uα , uβ , uγ ]T is the average duty cycle. Based on the
instantaneous theory [36], instantaneous active and reactive
powers p, q are defined as

p = vαiα + vβ iβ

q = vαiβ − vβ iα . (5)

In order to more conveniently and efficiently design con-
troller, assume that the grid source voltages are balanced and
the difference of capacitor voltages x2 approximates to zero.
Then, taking the derivative of (5), one can obtain

ṗ = − 1
2L
vT
αβuαβx1 + ωq +

1
L
‖vαβ‖2

q̇ = − 1
2L
vT
αβJ

Tuαβx1 − ωp (6)

where J =
[

0 −1
1 0

]
.

The equilibrium point of the system, i.e., ṗ = 0 and q̇ = 0
can be obtained from [34]

ueqαβ =
2
x1

{(

1 +
ωLq

‖vαβ‖2

)

vαβ −
(

ωLp

‖vαβ‖2

)

Jvαβ

}

.

(7)

B. RBFNN

In this paper, RBFNN will be adopted to approximate the un-
known function d(x) in the developed control design procedure
for the NPC power converter. For a continuous function d(x)
on a compact set

⊔
and εm , there exists a RBFNN θTξ(x) such

that

sup
x∈�

∣
∣d(x) − θTξ(x)

∣
∣ ≤ εm (8)

where θ = [θ1 , θ2 , ..., θl ]T is the weight vector, and
ξ(x) = [ξ1(x), ξ2(x), ..., ξl(x)]T is the basis function vector
commonly used Gaussian function

ξi(x) =
1√

2πσi
e
− 1

2

( ‖x−φ i ‖2

σ i

) 2

, i = 1, 2, ..., l (9)

where σi and φi are the width and center of the basis function,
respectively.

It has been proved that in [37] and [38], the RBFNN can be
used to approximate any smooth nonlinear functions d(t) within
arbitrary accuracy.

C. Control Objectives

Based on the state-space equation (3), (4), and (6) of the
NPC converter, one should design an efficient control scheme
to accomplish the following objectives:

Fig. 2. Flowchart of the proposed control strategy.

1) regulating the sum of capacitor voltages x1 to its desired
value for the supplied load;

2) enforcing instantaneous active and reactive power p, q to
track their references, respectively;

3) guaranteeing the imbalance of the capacitor voltages x2
close to zero.

In the following sections, to control dynamics of the ac/dc
NPC power converter, a control method based on DPC strategy
is proposed.

III. CONTROLLER DESIGN

Based on dynamical model and control objectives of NPC
converter, note that it is essential to design three control loops
to realize control targets described in the above section. First,
a set of adaptive sliding mode controllers are designed in the
internal loop to guarantee tracking of instantaneous active and
reactive power towards their references. In the second step, an
outer loop is established to force the sum of capacitor voltages
to a desired constant reference. Finally, a voltage balance loop is
built up by H∞ controller plus reduced-order observer to cope
with the imbalance of the capacitor voltages issue. A flowchart
of the proposed control strategy is shown in Fig. 2.

A. Instantaneous Power Tracking Loop Design

In this subsection, a set of adaptive sliding mode controllers
will be applied to the instantaneous power tracking loop to
achieve control objectives via RBF neural network technology.
We define the tracking errors as

ep = p∗ − p

eq = q∗ − q. (10)

Using (6), time-derivation of (10) yields

ėp = −ωq +
vT
αβx1

2L
uαβ − ‖vαβ‖2

L
+ ṗ∗

ėq = ωp+
(Jvαβ )Tx1

2L
uαβ + q̇∗. (11)

Here, note that the above system is an ideal model without
considering uncertain parameters. However, in practical appli-
cations, the converters are always affected by many factors such
as parametric uncertainties, measurement errors, and unknown
disturbances, etc. Therefore, it is necessary to establish more
accurate model close to the real system behavior. For this rea-
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son, the following system where uncertainties are considered in
the converter model is represented as

ėp = −(ω + Δω )q +
(

1
2L

+ ΔL

)
vT
αβx1uαβ

−
(

1
L

+ ΔL

)
‖vαβ‖2 + ṗ∗

ėq = (ω + Δω )p+
(

1
2L

+ ΔL

)
(Jvαβ )Tx1uαβ + q̇∗ (12)

where Δω and ΔL are the parametric uncertainties. Then (12)
can be rewritten as

ėp = −ωq +
vT
αβx1

2L
uαβ − ‖vαβ‖2

L
+ dp(t)

ėq = ωp+
(Jvαβ )Tx1

2L
uαβ + dq (t) (13)

where

dp(t) = −Δω q + ΔLv
T
αβx1uαβ − ΔL‖vαβ‖2 + ṗ∗

dq (t) = Δω p+ ΔL (Jvαβ )T + q̇∗. (14)

Next, on the basis of equilibrium point (7), the control signal
uαβ against parametric uncertainties to drive the active and
reactive power tracking their desired values are designed as

uαβ = ueqαβ − μ(ep)vαβ − μ(eq )Jvαβ (15)

where μ(ep) and μ(eq ) are the adaptive sliding mode controllers
to be designed. Substituting (15) into (13), one can obtain that

ėp = − x1

2L
‖vαβ‖2μ(ep) + dp(t)

ėq = − x1

2L
‖vαβ‖2μ(eq ) + dq (t). (16)

Utilizing the RBFNN to approximate the unknown function
dp(t) and dq (t), the approximate expressions are

dp(t) = θ∗Tp ξ + εp , |εp | ≤ εmp

dq (t) = θ∗Tq ξ + εq , |εq | ≤ εmq (17)

where θ∗Tp and θ∗Tq are the ideal weight vector, εp and εq are the
approximation errors, and εmp and εmq are their upper bounds,
respectively.

A set of adaptive sliding mode controllers by using RBFNN
to approximate unknown functions are designed as

μ(ep) = kpep +
2L

x1‖vαβ‖2

[
θ̂T
p ξ + εmpsign(ep)

]

μ(eq ) = kqeq +
2L

x1‖vαβ‖2

[
θ̂T
q ξ + εmq sign(eq )

]
(18)

where kp and kq are the positive constants, and θ̂p and θ̂q are
the estimation of ideal weight vectors θ∗p and θ∗q , respectively.

Applying adaptive sliding mode controllers (18) into (16),
error dynamic becomes

ėp = − x1

2L
‖vαβ‖2kpep − θ̂T

p ξ − εmq sign(ep) + dp(t)

ėq = − x1

2L
‖vαβ‖2kqeq − θ̂T

q ξ − εmq sign(eq ) + dq (t). (19)

Construct the following Lyapunov function for the
system (19)

Vpq =
1
2
e2
p +

1
2
e2
q +

1
2γp

θ̃T
p θ̃p +

1
2γq

θ̃T
q θ̃q (20)

where θ̃p = θ̂p − θ∗p and θ̃q = θ̂q − θ∗q . Then, one can get the
derivative of Lyapunov function Vpq

V̇pq = ep ėp + eq ėq +
1
γp
θ̃T
p

˙̃
θp +

1
γq
θ̃T
q

˙̃
θq . (21)

Using (17) and (19), one can get

V̇pq = − x1

2L
‖vαβ‖2kpe

2
p − ep θ̂

T
p ξ − εmp |ep | + epθ

∗T
p ξ

− x1

2L
‖vαβ‖2kqe

2
q − eq θ̂

T
q ξ − εmq |eq | + eq θ

∗T
q ξ

+
1
γp
θ̃T
p

˙̃
θp +

1
γq
θ̃T
q

˙̃
θq + εpep + εq eq

≤ − x1

2L
‖vαβ‖2kpe

2
p −

x1

2L
‖vαβ‖2kqe

2
q − ep θ̃

T
p ξ

− eq θ̃
T
q ξ− (εmp − εp) |ep |− (εmq − εq ) |eq |+ 1

γp
θ̃T
p

˙̂
θp

+
1
γq
θ̃T
q

˙̂
θq . (22)

We design the adaptive law as

˙̂
θp = γpepξ

˙̂
θq = γqeq ξ. (23)

Then, using (23), the derivative of Lyapunov function becomes

V̇pq ≤ − x1

2L
‖vαβ‖2kpe

2
p −

x1

2L
‖vαβ‖2kqe

2
q

− (εmp − εp) |ep | − (εmq − εq ) |eq | . (24)

Therefore, according to the Lasalle’s theorem [39], we can
conclude that the track errors ep(t) and eq (t) converge to 0
as t→ ∞, i.e., the adaptive sliding mode controllers can en-
force instantaneous active and reactive power p, q to track their
references, respectively. The control structure of instantaneous
power tracking loop is shown in Fig. 3.

B. Voltage Regulation Loop Design

In this subsection, an adaptive controller will be designed in
the external loop to regulate the sum of capacitor voltages x1 to
its desired value x∗1 . Assume that the equivalent load resistance
RL considered as unknown disturbance is slowing time varying,
i.e., ṘL

∼= 0, and the dynamics of the instantaneous power are
much faster than voltage dynamic. Then, the dynamic of sum of
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Fig. 3. Adaptive sliding mode controller structure based on the RBF neural
network technology.

capacitor voltages x1 can be rewritten as

ẋ1 = − 2
RLC

x1 +
1
C
i∗Tαβuαβ (25)

where i∗αβ is the reference of inductor current iαβ . Then, we
have

ż1 = −ηz1 +
2
C
p∗ (26)

where z1 = 1
2x

2
1 is the new state variable, p∗ = x1

2 i
∗T
αβuαβ is the

desired reference of the instantaneous active p and η = 4
RL C

is the unknown parameter. We define the regulation error as
follows:

ez = z1 − z∗1 (27)

where z∗1 = x∗2
1
2 . Following from (26), time-derivation of (27) is

ėz = ż1 = −ηz1 +
2
C
p∗. (28)

Next, an efficient but simple adaptive controller will be de-
signed to regulate the sum of capacitor voltages x1 to its desired
value x∗1 as well as provide the power reference for the internal
loop.

The following Lyapunov function is constructed to design the
adaptive controller

V1(t) =
1
2
e2
z +

1
2λ
η̃2 (29)

where λ is the positive constant, η̃ = η̂ − η, and η̂ is the adaptive
law to be designed.

Take the derivative of (29) along the system (28)

V̇1 = ez

(
−ηz1 +

2
C
p∗
)

+
1
λ
η̃ ˙̂η. (30)

We design the following adaptive controller and the adaptive
law

p∗ = −kvsez +
C

2
z1 η̂ (31)

˙̂η(t) = −λz1ez . (32)

Fig. 4. Adaptive controller in the voltage regulation loop.

Substituting (31) and (32) into (30), yields

V̇1 = −ηz1ez − 2
C
kvse

2
z + η̂z1ez − η̃(t)z1ez

= − 2
C
kvse

2
z . (33)

Therefore, according to the Lasalle’s theorem [39], we can
conclude that the regulation error ez (t) converge to 0 as t→ ∞,
that is, an adaptive controller can regulate the sum of capacitor
voltages x1 to its desired value x∗1 . The control structure of
voltage regulation loop is shown in Fig. 4.

C. Voltage Balancing Loop Design

In this subsection, a composite controller which consists of
H∞ controller and reduced-order observer will be designed in
the balancing loop to ensure imbalance voltages between two
dc-link capacitors close to zero. Based on the assumption in
the voltage regulation loop, that is, the dynamics of the instan-
taneous power are much faster than voltage dynamic, one can
introduce the equilibrium point (7) of the system into (4). Then,
the dynamic of (4) becomes

ẋ2 =
4p∗

C
√

3x1
uγ +

1
C
ψ(t) (34)

where ψ(t) is considered as the disturbance in this paper. Ac-
cording to [35], the disturbance ψ(t) mainly consists of a
sinusoidal disturbance whose frequency is three times of the
fundamental frequency, and can be defined as

ψ(t) = χ sin (3ωt+ ϕ) (35)

where χ and ϕ are the constant values. Next, a reduced-order
observer will be designed to estimate sinusoidal disturbance
improving the converter performance.

Adding two new state variables disturbance ψ(t) and its time
derivative xψ , the augmented system can be expressed as

ẋ2 =
h

C
uγ +

1
C
ψ

ψ̇ = xψ

ẋψ = −9ω2ψ (36)

where h = 4p∗√
3x1

.
Furthermore, one can obtain the following state space repre-

sentation

ẋ = Ax+Buγ

y = Ex (37)
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where x = [x2 , ψ, xψ ]T and y stand for system states and mea-
surable output, respectively, and

A =

⎡

⎢
⎣

0 1
C 0

0 0 1
0 −9ω2 0

⎤

⎥
⎦, B =

⎡

⎢
⎣

h
C

0
0

⎤

⎥
⎦ , E =

⎡

⎢
⎣

1
0
0

⎤

⎥
⎦

T

are constant matrices.
Then the system (37) can be rewritten as

[ ˙̄x1

˙̄x2

]
=
[
A11 A12

A21 A22

] [
x̄1

x̄2

]
+
[
B1

B2

]
uγ

y = x̄1 (38)

where

A11 = [0], A12 =
[ 1
C 0

]

A21 =
[

0
0

]
, A22 =

[
0 1

−9ω2 0

]
.

It can be observed from (38) that x̄1 can be obtained directly
from the measurable output y, and we only suffice to estimate
the state variable x̄2 . In fact, x̄1 = x2 is the difference of ca-
pacitor voltages that can directly measure and x̄2 = [ψ, xψ ]T

are the disturbance and its time derivative that are impossible to
measure directly and need to be estimated. Thus, the following
reduced-order state observer is designed to estimate x̄2

ε̇ = Fε+Gy +Huγ

ˆ̄x2 = Mε+Ny (39)

where F,G,M, and N are the observer gains to be designed.
Denote observation error eψ = x̄2 − ˆ̄x2 , then its dynamic

equation can be expressed as

ėψ = (A22 + LA12)eψ . (40)

Obviously, the observation error eψ → 0 if only if A22 +
LA12 is Hurwitz. Based on the result of [40], one can obtain
that if there exist positive matrix P such that

(A22 + LA12)TP + P (A22 + LA12) ≤ 0 (41)

thenA22 + LA12 is Hurwitz. The equation (41) is equivalent to

AT
22P + PA22 +WA12 +AT

12W
T ≤ 0 (42)

where W = PL.
One can note that the equation (42) is the standard linear

matrix inequality, which can be efficiently solved by MATLAB
LMI toolbox to obtain the matrices P and Q. Furthermore, the
matrix is determined by L = P−1Q.

Defining ε = ˆ̄x2 + Ly yields

ε̇ = ˙̄̂x2 + Lẏ

= (A22 + LA12)ˆ̄x2 + L(A11y +B1uγ )

+A21y +B2uγ + (B2 + LB1)uγ . (43)

Fig. 5. H∞ controller structure based on the reduced-order observer.

Fig. 6. Laboratory prototype of three-phase three-level NPC power converter.

TABLE I
PARAMETERS USED FOR SIMULATION

Then one can obtain the observer gains as

F = A22 + LA12

G = (A21 + LA11) − (A22 + LA12)L

H = B2 + LB1

M = I

N = −L. (44)

Using the estimated disturbance ψ(t), the following compos-
ite controller will be designed via H∞ technique

uγ =
C

h

(
kbx2 +

1
C
ψ̂

)
(45)

where kb is the H∞ controller gain to be designed.
Substituting (45) into (34), yields

ẋ2 = −kbx2 +
1
C
ς(t) (46)

where ς(t) consisting of observation error and other harmonics
is the disturbance. Based on the result of [41], the following
condition is presented to calculate the admissibleH∞ controller.
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TABLE II
CONTROLLERS PARAMETERS

For given constant �, if there exist positive scalars wb and jb ,
such that

[
2wb + 1 1

C jb
1
C jb −�2

]

≤ 0 (47)

then the system satisfies
1) the difference of capacitor voltages x2 = vc1 − vc2 con-

verges to zero as t→ ∞ in the absence of disturbance;
2) under zero-initial condition, the following inequality

∫ +∞

0
xT

2 x2dt ≤ �2
∫ +∞

0
ςT ςdt (48)

holds in the presence of disturbance input ς(t).
Moreover, if the couple of scalars wb and jb are found, we

can getH∞ controller gain as kb = wb

jb
. The control structure of

voltages balancing loop is shown in Fig. 5, where D = [1, 0].

D. Discussion

Three control loops, the instantaneous power tracking con-
trol loop, voltage regulation loop, and voltage balancing loop,
for three-level NPC power converter are designed to realize
control targets in this section. In the instantaneous power track-
ing control loop, a set of adaptive sliding mode controllers are
used to force the active and reactive power tracking to their
desired values, in which the RBF neural network is utilized to
approximate the unknown disturbance. In comparison with the
traditional SMC, adaptive SMC can soften the chattering prob-
lem, yet increase the on-line computation of the processor. It
is well known that if one wants to accurately estimate the un-
known disturbance, the more Gaussian nodes should be chosen.
However, the more number of Gaussian nodes one chooses, the
more on-line computation the processor takes. In the voltage
regulation loop, an efficient but simple adaptive controller is de-
signed to regulate dc-link output voltage. This control method
is more effective in suppression of the overshoot without adding
an additional observer or feedforward compensation when load
change. However, this control approach needs to assume that the
equivalent load resistance, as the unknown disturbance, is slow-
ing time varying (possible constant or change in steps). In the
voltage balancing loop, an H∞ controller coupled with reduced
observer is adopted to drive imbalance voltages convergence
to zero. Compared with full-order observer method, obviously,
this method can reduce the on-line computation of the processor.
However, in comparison with individual controllers such as PI
controller and SOSM controller, this control method improves
the system performance at the expense of increasing complexity
of computation and control structure. On the other hand, only

Fig. 7. Grid voltage. (a) Three-phase voltage. (b) THD of va .

Fig. 8. Responses of capacitor voltages vc1 and vc2 . (a) Proposed control.
(b) PI control.

when the power converter operates at the balanced grid-voltage
conditions does the proposed control strategy work perfectly.

IV. EXPERIMENTAL RESULTS

In order to verify the effectiveness and superiority of our pro-
posed control strategy, the experimental comparisons using a
prototype between our proposed and well tuned PI control strat-
egy are provided in this section. Additional simulation results
comparing the proposed strategy with the control in [34] showed
similar results. Therefore, only the practical results are included
in the paper.

A basic prototype of a three-phase three-level NPC power
converter is shown in the Fig. 6 whose parameters are summa-
rized in Table I and the TMS320VC33 floating point digital sig-
nal processor board is selected to execute the control algorithm.
In this experiment, the grid voltage is distorted and unbalanced
to some extend, as it is shown in Fig. 7. Taking into account
that the controlled design assumes balanced grid voltage, this
situation allows us to test the robustness of the proposed con-
troller under a more realistic environment. The resistance RL

is stepped from no load to the half load (4.6875 kW) then to
full load (9.375 kW) and the reactive power is set to 0 VAr.
The parameters of our proposed and PI control strategy have
been shown in Table II, respectively. Fig. 8(a) and (b) show the
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Fig. 9. Responses of the sum and difference of capacitor voltages x1 and x2 .
(a) and (b) Proposed control. (c) and (d) PI control.

Fig. 10. Responses of active and reactive power p and q. (a) and (b) Proposed
control. (c) and (d) PI control.

dynamics of vc1 and vc2 of our proposed and PI control strategy
measured by oscilloscope, respectively. In the Fig. 9(a) and (c),
one can observe that both control strategies are capable of reg-
ulating the dc-link output voltage x1 to its desired value 750 V
despite the load variation. However, it should be pointed out
that the proposed control scheme has better performance, for
example, it has faster dynamic response and less output voltage
drop, especially during the transient process. Fig. 9(b) and (d)
show the responses of the difference of capacitor voltages, in
which we can see that, compared with the PI control, the voltage
of the proposed strategy is smaller, almost close to zero.

The responses of active and reactive power are shown in the
Fig. 10, respectively. It can be observed that both control strate-
gies can enforce instantaneous active and reactive power p, q
to track their references, respectively. The reference of instan-
taneous active power comes from the voltage regulation loop,
which can regulate the output voltage, and the reference of in-
stantaneous reactive power is 0 VAr to achieve unity power
factor. Note that both control strategies can ensure that the ac-
tive power steps from 4.6875 to 9.375 kW when load changes;
in the meantime, the reactive power always remains 0 VAr.
This demonstrates that both control strategies are robust to the

Fig. 11. Responses of grid voltage ec and input current ic and the three phase
current. (a) and (b) Proposed control. (c) and (d) PI control.

Fig. 12. Current harmonic spectrum, active and reactive power and power
factor. (a) and (b) Proposed control. (c) and (d) PI control.

change of load. On the other hand, since reactive power has been
kept close to 0 VAr, the grid source voltage has the same phase
with the corresponding current (phase c voltage and current) as
shown in Fig. 11(a) and (c), which means that the power factor
is close to the unity as shown in Fig. 12(b) and (d). The dynam-
ics of three phase current achieved with both control strategies
are shown in the Fig. 11(b) and (d), and it can be seen from
the Fig. 12(a) and (c) that the current total harmonic distortion
(THD) of the both schemes has the same value. In fact, active
and reactive power of both control strategies drawing from the
grid is also almost the same, as can be seen in Fig. 12(b) and (d).
Therefore, the experimental result demonstrates that the output
voltage and difference of capacitor voltages of the proposed
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control strategy have better performance than PI control with
unity power factor.

V. CONCLUSION

In this paper, a novel control strategy has been proposed for
three-phase three-level NPC power converter by taking advan-
tage of cascade control structure including instantaneous power
tracking control loop, voltage regulation loop, and voltage bal-
ancing loop. To deal with the model uncertainties of the system,
a set of adaptive sliding mode controllers have been designed
via RBF neural network technology in the instantaneous power
tracking control loop. In the voltage regulation loop, an efficient
but simple adaptive controller has been developed to regulate
dc-link output voltage for simpler implementation. Then based
on the reduced-order observer, anH∞ controller combined with
reduced-order observer is established to ensure imbalance volt-
ages between two dc-link capacitors close to zero. Finally, the
experimental results on the NPC converter have demonstrated
that compared with the PI control, the output voltage of proposed
control strategy has rather smaller voltage drop and remarkably
shorter transient time and the difference of capacitor voltage of
the proposed control strategy is smaller almost close to zero.
Based on this fact, the devices of injecting a zero-sequence
voltage and feedforward compensation can be replaced by our
proposed control strategy, leading to the reduction of weight,
size, and cost of the power converter. Furthermore, it can be ob-
served that the proposed control strategy is robust to the change
of load and has the significant value in practice. Our future work
will focus on control to power converter under unbalanced grid-
voltage conditions.
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