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Abstract – Nine-switch inverters, has been widely used in 

several power systems applications, especially for a dual motor 

or six-phase machine. Due to their interesting features such as 

the reduced switch number, this structure has been extended to 

multilevel topologies. Among the several multilevel topologies, 

the active-neutral-point-clamped (ANPC) based nine-switch 

multilevel converter (ANPC-NSMC) has been one of the 

interesting solutions. In this paper, instead of using this topology 

for a dual motor or six-phase motor, it is proposed a back-to-

back application. In this way, one of the outputs is connected to 

the grid, while the other output is connected to the three-phase 

motor. However, for drives a closed loop control is needed. 

Therefore, a field-oriented controller and a model predictive 

control (MPC) strategy to control this AC drive is also proposed. 

The MPC will be used for closed loop current control, as well as 

for mitigation of the capacitor voltages imbalance. This optimal 

predictive controller allows the minimization of a cost functional 

weighing three criteria, the tracking errors of the three-phase 

AC currents of each side, as well as the two capacitors voltage 

imbalance. The performance of the proposed control strategy 

will be verified and discussed through several simulations 

results.  

Keywords – AC motor drive; Dual output inverter, nine-switch 

multilevel coverter, NPC-Type converter; model predictive control. 

I. INTRODUCTION 

Over the last few decades, the development of power 
converter topologies has mainly focused on reducing the 
switching voltage distortion, thereby improving the power 
quality at the converter output. The multilevel converter is an 
example of these enhancements. This converter has many 
advantages when compared to the conventional two-level 
topologies, particularly regarding the power quality of the 
output voltages and the reduction of harmonic content [1]. 
Due to these characteristics, the multilevel converter has been 
extended to many applications, namely energy storage 
systems, renewable energy sources, power transmissions 
systems, electrical drives, among other applications [2,3]. 

The most commonly used multilevel converter topologies 
in AC motor drives are the Neutral Point Clamped (NPC), 
Flying Capacitor (FC), and Cascaded H-Bridge Inverter 
(CHB) [4-6]. In addition to these classic topologies, 
numerous variants have emerged that are advantageous for 
certain applications [7-12]. These multilevel converters were 
initially used for medium voltage AC drives, but they were 
quickly extended to low voltage AC drives. Several 
multilevel topologies have been proposed for use in AC motor 
drives, with the primary goal of reducing the volume and cost 
of drive converters, by reducing the semiconductor count. An 
example of these topologies is the Packed U Cells (PUC) [13]. 

For AC grid powered drives, among the various proposed 
multilevel structures, those with dual output can interconnect 

the drive to the AC grid. This converter presents an active-
neutral-point-clamped (ANPC) type structure based on the 
nine-switch inverter [14]. The ANPC based nine-switch 
multilevel converter (ANPC-NSMC) has a smaller number of 
components (diodes and switches) comparatively to the 
equivalent two ANPC multilevel conventional inverters, 
allowing high performance and reduced switching losses 
[15]. Industrial applications of the ANPC-NSMC have 
already been disclosed in numerous works, revealing the wide 
range of the ANPC-NSMC utilization. The most valuable 
attribute is the capability to ensure dual voltage output, ideal 
for several applications, specifically those involving dual 
motor drives [16]. The nine-switch converter topology is also 
commonly used in back-to-back structures, both in reactive 
power compensation using induction motor [17], or applied 
to energy power generation systems, using for a squirrel cage 
induction generator [18]. However, in these solutions a 
classic two-level topologies converters were used. 

The control of the ANPC-NSMC was subject of several 

research works in closed-loop control, operating under 

nominal operating conditions. However, many of these works 

are based on pulse-width modulation (PWM) techniques [17], 

[19]. In [19] an inverter with dual outputs with a modulation 

strategy that incorporates both time-sharing modulation and 

virtual space vector pulse-width modulation (VSVPWM) was 

presented. Nevertheless, these modulation techniques exhibit 

issues to the control of the AC currents, in both outputs, as 

well as in the balance of the voltages in the DC capacitors. 

These restraints can be solved by applying techniques, based 

on predictive control, widely used in power electronic [20-

22]. In [23], a controller for the three-phase dual output 

multilevel converter based on the model predictive control 

(MPC) was proposed. Indeed, the MPC has several 

interesting features, including a simple concept, fast dynamic 

responses, and readiness for multivariable systems [24].  
The nine-switch inverter is typically used in dual or six-phase 
drives. However, in this paper, it is proposed to use the 
ANPC-NSMC topology for a back-to-back solution, in which 
one of the outputs is connected to the grid while the other is 
connected to an induction motor. Regarding its closed loop 
control, among the various control techniques used in AC 
motor drives a field-oriented controller and an MPC strategy 
to control this AC drive is hereafter presented. The MPC will 
be used for closed-loop current control, as well as for 
mitigation of the capacitor imbalance voltages. This 
controller allows the minimization of a cost functional 
weighing three criteria, the tracking errors of the three-phase 
AC currents, on both sides, and the capacitor imbalance 
voltages of the ANPC-NSMC. The proposed power system 
will be tested through a case study by using a numerical 
program. From the results obtained both in a stationary and 
transient state, it is concluded the obtained AC drive presents 
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high dynamic performance, validating the theoretical analysis 
of the proposed solution. 

 

II. MODEL OF THE NINE-SWITCH MULTILEVEL CONVERTER 

The ANPC-NSMC topology based on a three-level 
ANPC-type inverter is presented in Fig. 1. This multilevel 
structure allows a dual port three-level inverter, by using the 
common switches in the same way as the 9-switch inverter, 
reducing volume and cost [15]. The ANPC-NSMC upper 
interface, identified as the rectifier, connects to the grid 
through an impedance Rg and Lg. On the other hand, the 
ANPC-NSMC lower interface, identified as the inverter, 
connects to an induction motor (IM). 

The nine-switch converter can be modeled considering 
that the power semiconductors are represented by ideal 
switches. The active switch state can be represented by a 
binary variable, defined as follows: 

1 ,

0 ,

ij ij

ij ij

if S is ON

if S is OFF





=


=

,   with i=A,B,C and j=1..7 (1) 

 

From the power circuit analysis, the voltages between the 
upper and lower AC terminals of the ANPC-NSMC and the 
middle point of the capacitors can also be defined as functions 
of the switches states (2). 

( )( )

( ) ( )

0 1 2 3 4 5 2 6

0 1 2 3 4 5 4 7

1
2

1
2

DC

Ui i i i i i i i

DC

Li i i i i i i i

V
v

V
v

      

      


= − −


 = − −


 (2) 

 

According to the previous mathematical relationships, the 
following switching functions will be defined: 

( )( )

( ) ( )

1 2 3 4 5 2 6

1 2 3 4 5 4 7

1
1

2

1
1

2

Ui i i i i i i i

Li i i i i i i i

       

       


= − −


 = − −


 (3) 
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Fig. 1. Power circuit of the ANPC-NSMC connected to the IM and to the 

grid. 

The previous expressions allow the formulation of the 

mathematical model for the voltages applied to the load, in 

(4) and to the grid in (5). 

1

1

1

2 1 1

1 2 1
3

1 1 2

UAn UA

DC

UBn UB

UCn UC

v
V

v

v







− −     
     

= − −
     
     − −     

 (4) 
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LCn LC

v
V

v

v







− −     
     

= − −
     
     − −     

 (5) 

 

Converting the previous three-phase voltages in two phase 
orthogonal system through the application of the Clark-
Concordia transformation, equation (6) and (7) are obtained, 
respectively for the load and for the grid. 

2 1 1

3 6 6

1 1
0

2 2

1 1 2

UA

U

DC UB

U

UC

v
V

v











 
− − 

   
    

= −    
       − −

 
  

 (6) 
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









 
− − 

   
    

= −    
       − −

 
  

 (7) 

 

By analysing equations (6) and (7) and considering the 

combination of all the states ij  of the power semiconductors, 

216 different output voltage space vectors are obtained. 
Several of these vectors are redundant from the standpoint of 
AC voltages, but not for the DC capacitor voltages. 

 

III. CONTROL OF THE NINE-SWITCH MULTILEVEL CONVERTER 

The control system employed in this NSMC fed induction 
motor drive is based on the field-oriented controller (FOC) 
and on the predictive control. This vector control method, 
widely used to control AC synchronous and induction motors, 
generates the stator current references, to apply to the MPC, 
on the inverter side. On the other hand, the reference values 
for the grid currents predictive controller are obtained from 
the DC-link voltage error through a Proportional Integral (PI) 
controller that keeps the DC-link voltage nearly constant, 
according to the scheme of Fig.2 [21]. Afterwards, this 
controller determines the optimal switching state, out of the 
available 216, to be applied during the next sample period. 
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Fig. 2. MPC block diagram for the ANPC-NSMC IM Drive 

A. Field Oriented Control 

The FOC applied to this motor drive is based on the 
expressions that describe the induction machine (IM - in 
squirrel cage), written in a reference frame synchronous with 
the rotor flux, as shown below [25]: 

( )

s
s s ss r

r
r r rr r

d
u R i j

dt

d
u R i j

dt


 


  

= + +

= + + −

 (8) 

 

s rs s m

r sr r m

L i L i

L i L i





= +

= +

 (9) 

 

3
.

2
= − r rT pi j  (10) 

 

where su  and ru  are, respectively, the stator and rotor 

voltage; s  and r  the stator and rotor flux, respectively; si  

and ri  the stator and rotor currents, respectively; sL , rL  and 

mL  denotes the stator, rotor and mutual inductances; sR , rR  

are the stator and rotor resistances; r  is the angular speed of 

the rotor flux vector;   is the rotor angular speed in electric 

radians and p the number of pole pair. 

The FOC principle is widely used in the control of 
induction machines [25]. This control technique uses of a 
suitable coordinate system that enables the control of both 

torque, T , and the rotor flux,  r , independently of each 

other. Thus, the rotor flux is synchronously oriented to the 
rotating reference frame. The rotor flux is controlled by the 

real part of the stator current, sdi  while the torque by the 

imaginary part, Based on these criteria, equations (11) and 

(12) are the stator currents reference components, 
*

sdi and 
*

sqi

, that are function respectively of the rotor flux (
*

r ) and 

torque (
*T ) references: 

*  

= r
sd

m

i
L

 (11) 

 

*






= r

sq

m r

L T
i

L
 (12) 

 

The precise determination of the rotor flux vector position 
angle ( ) for the field orientation, to be used in the Park 

transformation of the stator current references, is one of the 
crucial components of the FOC method. This flux angle can 
be obtained by speed integration, resulting from the addition 

of rotor speed ( r ) with the estimator velocity, e , in (13). 

*


  

=
sqm

e

r r

iL
 (13) 

 

Applying the inverse Park transformation (14), to the 

stator currents references components ( *

sdi and
*

sqi ), αβ 

coordinates current references ( *

si  and 
*

si ) are obtained. 

**

**

cos sin

sin cos





 

 

   − 
=     

       

sds

sqs

ii

ii
 (14) 

 

The previously obtained expressions were implemented 
through Simulink blocks as seen in Fig. 2. 

 

B. Predictive Controller of the Inverter and Rectifier 

The controller applied to the IM requires the control of the 
stator currents. For clarity, from the block diagram of Fig. 2, 

we will consider the stator induction reference currents ( *

si  

and 
*

si ) represented by *

Li 
 and *

Li 
. Therefore, a MPC is 

used in the inverter side of the ANPC-NSMC to enforce the 

,  components of the stator currents toward their references, 
*

Li 
 and *

Li 
 (Fig. 2). To obtain nearly sinusoidal stator 

currents with smallest current error an appropriate cost 

functional ( Lg ) is needed. The main purpose of the optimal 

predictive controller must be to guarantee the minimum error 
between the reference current and its predicted value of the 
stator currents. The proposed cost functional uses the absolute 
value of the current error [22] taken in the next sampling time 
(h+2) interval, considering the computational time (h), 
applied to the stator currents (15) estimated for (h+1). 

( ) ( ) ( ) ( )2 2 2 2L L L L Lg i h i h i h i h   

 = + − + + + − +  (15) 

 

where ( ) ( )2 , 2L Li h i h 

 + +  and ( ) ( )2 , 2L Li h i h + +  are 

the real and imaginary parts of the stator currents references 
and the stator currents predicted, two steps forward for the 
compensation of the computational time spent on the 
evaluation control algorithm [19]. From the previous criteria 
and the control scheme in Fig. 2, the stator currents at the th+1 
instant, can be predicted according the discrete-time way 
(16). 
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( 1) 1 ( ) ( )s S

Li S Li

s s

R T
i h T i h v h

L L

 
+ = − + 

 

 (16) 

 
where ( )Lii h  is the AC load currents measured and 

( 1)Lii h +  is the AC currents to be predicted for the next 

(h+1) sampling interval, TS is the sampling time. 

Consequently, these stator future currents are acquired by 
time-shifting the model (17) one step forward as: 

( 2) 1 ( 1) ( 1)s S

Li S Li

s s

R T
i h T i h v h

L L

 
+ = − + + + 

 

 (17) 

 

The purpose of controlling the rectifier on the grid-
connected side is to regulate the DC bus voltage by keeping 
the sinusoidal input currents in phase with their respective 
supply line voltages. This is achieved based on predictive 
control theory applied to the inverter side of the ANPC-

NSMC, to minimize a suitable cost function, Ug , as shown in 

(18). 

( ) ( ) ( ) ( )2 2 2 2U U U U Ug i h i h i h i h   

 = + − + + + − +  (18) 

 

From the previous considerations and the control scheme 
shown in Fig. 2, the grid currents at the th+1 instant, can be 
predicted according the discrete-time approach (19). 

( )( 1) 1 ( ) ( ) ( )
g S

Ui S Ui Si

g r

R T
i h T i h V h v h

L L

 
+ = − + − 

 
 

 (19) 

 

where ( )SiV h  is the grid voltage; ( )Uii h  is the AC load 

currents measured and ( 1)Uii h +  is the AC currents to be 

predicted for the next (h+1) sampling interval, TS is the 
sampling time. 

Consequently, the stator future currents at time (h+2) are 
computed by time-shifting the model (19) one step forward 
as: 

( 2) 1 ( 1) ( 1)
g S

Ui S Ui

g g

R T
i h T i h v h

L L

 
+ = − + + + 

 
 

 (20) 

 

Similarly, the cost function of the DC capacitors voltages 
imbalance can be defined as: 

( ) ( )1 22 2vc C Cg v h v h= + − +  (21) 

 

where ( ) ( )1 22 , 2C Cv h v h+ +  are the predicted voltages of the C1 

an C2, capacitors. 

The discrete time equations for the capacitors (C1 and C2) 
voltages, using the MPC theory, are obtained according (22). 

1
( 1) ( ) ( )Ck Ck Ck S

k

v h v h i h T
C

+ = +  (22) 

 

where the currents ( )Cki h  (k=1,2) depend on the switching 

states of the dual output ANPC-Type inverter and the value 

of the AC output currents, according to expression (23) and 
(24): 




1 1 6 11

1 2 6 7 11 12

( )C A UA B UB C UC

A A LA B B LB C C LC

i h d i d i d i

d d i d d i d d i

= − + + +

+ +
 (23) 

 




2 3 8 13

2 3 8 7 13 12

( )C A LA B LB C LC

A A UA B B UB C C UC

i h d i d i d i

d d i d d i d d i

= + + +

+ +
 (24) 

 

where ( )Ui h , ( )Li h  are the currents in the upper and lower 

sides of the converter DC buses, respectively. 

Employing the computational time compensation 
technique, for the capacitors voltages in (22), the future of the 
capacitors voltages at the instant (h+2) is obtained as follows: 

1
( 2) ( 1) ( 1)Ck Ck Ck S

k

v h v h i h T
C

+ = + + +  (25) 

 

The proposed cost functional for the dual output three-
level inverter MPC control, is given as: 

U U L L vc vcg g g g  = + +  (26) 

 

where U , L  and vc are the weighting factors for the grid 

currents, for the stator currents and for the imbalance 
capacitor voltages cost function, respectively. 
 

IV. SIMULATION RESULTS 

Several simulation tests were conducted to test the 
performance of the grid-tied AC inverter, with a nine-switch 
multilevel topology feeding an induction machine. The 
simulation of this power system was implemented in the 
program Matlab/Simulink, using the SimPowerSystems 
library. The Simulink model includes the semiconductor 
switching behaviour, losses, and all the dynamic behaviour of 
the induction motor and multilevel converter, as shown in the 
following results. The following experiments were performed 
using an induction machine, whose parameters are listed in 
Table 1 (from the manufacturer's catalogue). 

TABLE I. PARAMETERS OF THE INDUTION MOTOR 

Variable Parameter Value 

Stator resistance Rs 0.59 Ω 

Rotor resistance Rr 0.63 Ω 

Stator inductance Ls 3.5 mH 

Stator inductance Lr 5.4 mH 

Mutual inductance Lm 3.5 mH 

Inertial moment J 0.05Kgm2s-1 

Number of pole pair p 2 

The simulation results were obtained initially in steady-
state conditions and then in transient conditions, based in 
different system requirements. Rectifier side of the ANPC-
NSMC is connected to the 400V/50Hz grid and on the DC 
bus are connected the capacitors C1 and C2 each with 1 mF 
capacitance. Figs. 4 and 5 show the results in steady state, 
when the torque and rotor flux references are 10 Nm and 
0.1Wb, respectively. In Fig. 4 the AC currents on the ANPC-
NSMC, respectively in the rectifier and inverter side and in 
Fig. 5 the AC voltages on the ANPC-NSMC, between phase 
A and B in the rectifier and inverter side, respectively. 
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a) 

 
b) 

Fig. 3. Waveforms of the AC currents in the nine-switch multilevel 

converter, in steady-state condition: a) rectifier side; b) inverter side. 

 
a) 

 
b) 

Fig. 4. Waveforms of the AC voltages in the ANPC-NSMC, (between A 

and B phase) in steady-state condition: a) rectifier side; b) inverter side. 

From the results presented in Fig.3 a) it is seen that the AC 
currents, on the rectifier side, are balanced with relatively 
small distortion, with a THD equals to 9.86%. The stator 
currents (in Fig. 3 b)) are also balanced but present much 
lower distortion than AC currents, with a THD equals to 
1.28%. Fig. 4a) shows the 3-level line-to-line voltage, on the 
rectifier side, while the 5-level line-to-line voltage can be 
seen in Fig. 4b) on the inverter side, in steady-state 
conditions. This proves the multilevel operation of this dual 
output converter. Another significant feature in the proposed 
control system is the balance of the DC capacitor C1 and C2 
voltages, which are visible in Fig. 5. This result attests the 
usefulness of the predictive controller confirming that, apart 
from the ripple, the voltages VC1 and VC2 voltage are close to 
the same value. 

The following tests are obtained in dynamic conditions, 
considering torque reference step transitions. The rotor flux 
and torque references were initially set 0.2 Wb and 10 Nm, 
respectively. At instant t=0.3s the torque reference is 
increased to 25 Nm. Fig. 6 a) shows the rectifier side AC 
currents balanced and with relatively small distortion. Fig. 6 
b), shows the behavior of the three-phase stator currents. 

When increasing the reference torque the amplitude and the 
frequency of the stator currents also increase, as expected. For 
these conditions the stator currents follow the references, 
obtained from the field orientation control applied to the IM, 
presenting low distortion, and maintaining balanced currents. 

 

Fig. 5. Result of the capacitors C1 and C2 voltages, in steady-state condition. 

 
a) 

 
b) 

Fig. 6. Waveforms of the AC currents in dynamic conditions, when the rotor 

flux is 0.2Wb and the torque torque reference is increased to 25 Nm. a) 

in the rectifier side; b) in the inverter side. 

 

Fig. 7. Results of capacitors C1 and C2 voltage in dynamic condition, when 

the rotor flux is 0.2Wb and the torque torque reference increases to 25 

Nm. 

 

Fig. 8. Results of capacitors C1 and C2 voltage in dynamic condition, when 
the rotor flux is 0.2Wb and the torque torque reference increases to 25 

Nm. 
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The balance of the DC capacitor voltages was also tested in 
dynamic conditions, when the torque reference is increased to 
25 Nm maintaining the rotor flux at 0.2Wb. Fig.7 shows that 
the capacitor voltages have a small disturbance (leading to 
higher charging currents) but remain stable and close to the 
reference values. Fig. 8 presents the current and voltage in 
phase A of the rectifier side of the multilevel converter. The 
current waveform 50*Is1 shows that the current is in phase 
with the same phase grid voltage also in transient mode. 

V. CONCLUSIONS 

A back-to-back solution with ANPC-NSMC topology, 
from a three-level ANPC-type structure inverter, is proposed 
in this paper. This multilevel converter topology is connected 
to the grid in the rectifier side and is connected to an induction 
motor in the inverter side. To control the inverter side of the 
multilevel, a field-oriented controller was used, together with 
a current mode predictive control strategy for the IM stator 
currents. The rectifier side was controlled by a PI controller, 
to regulate the DC link voltage, aided by a current mode 
predictive control. The MPC was developed with the purpose 
of controlling not only the AC currents, of each side of the 
multilevel converter, but also to maintain the DC capacitor 
voltages balanced. The control system has been validated 
through several simulation tests. From the obtained results in 
steady-state and dynamic conditions, it was seen that the 
proposed control approach allows good control performances 
and is suited to this specific multilevel converter topology 
presenting 216 voltage vectors. As future work, it will be 
studied the operation of this drive in fault tolerant mode for 
an open switch fault. 
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