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Abstract

The modular multilevel converter (MMC) has been widely researched in the past
decade for its superior performance in high voltage high power applications. However,
applying MMC into electric motor drive systems is a intrinsically challenging problem
because the capacitor voltages fluctuate in a wide range when the converter works at low
output frequencies. A novel model predictive vector control (MPVC) scheme is presented
to ensure the output phase currents’ quality of MMC for entire frequency range. In this
scheme, model predictive control (MPC) is adopted to track the phase currents’ reference
values and balance the capacitor voltages as far as possible. By replacing the
conventional inner current control loops and pulse width modulation (PWM) module with
MPC controllers, the vector control oriented by rotor flux is constructed to meet the
requirements of drive systems. Simulations of a MMC drive with an induction motor are
carried out using the Matlab/Simulink. The simulation waveforms demonstrate that the
drive system achieves satisfied steady and dynamic performance.

Keywords: Modular multilevel converter, Model predictive control, Vector control,
Drive system

1. Introduction

The multilevel voltage source converters (VSC) have been widely used in medium or
high voltage high power applications, such as motor drives, power transmission, power
quality improvement, and so on [1-3]. Among the various multilevel VSCs, modular
multilevel converter (MMC) becomes more and more popular in the past few years,
especially in the field of high voltage direct current (HVDC) transmission system [3-7].
When compared to the neutral-point-clamped (NPC) multilevel converters and the flying-
capacitor (FC) multilevel converters [8-10], MMC is easier to achieve high voltage level
numbers and being much more modularized. MMC is similar to the cascaded H-bridge
multilevel converter (CHMC) to some degree because both of them have the modularized
circuit layout [8, 11]. Taking advantage of the existing of the common dc-link which the
CHMC lacks of, MMC is more suitable for the system that needs to operate in a back-to-
back way. SIEMENS has constructed the world’s first HVDC power transmission system
based on MMC with the trade name of HVDC PLUS in the year of 2010.

MMC is based on the cascaded connection by a series of submodules (SMs) in each
arm. Thus, there are a lot of floating capacitors in the converter. Similar to other VSCs,
keeping these capacitor voltages balanced is one of the intrinsically task to ensure the
MMC’s stable operation. Some research papers proposed that by sorting the capacitor
voltages in each arm [12-14], the working states of submodules can be determined
according to the arm current’s directions. This strategy can be used in different
modulation methods, such as multicarrier PWM techniques in [7] and [15] and the
submodules unified pulse width modulated (SUPWM) method in [12-14]. Though this
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voltage balancing control strategy achieves a satisfied effect, the dynamic sorting may
result in extra switching loss. What’s more, when MMC is expended to high number of
voltage levels, the sorting algorithm for the numerous capacitor voltages will exacerbate
the burden of the digital controllers. Another capacitor voltage balancing control strategy
was introduced in [7] for the carrier-phase-shifted PWM (CPSPWM) method. It utilizes
three closed-loops to regulate the reference voltage for each arm. The control strategy’s
parameters become more difficult to adjust as lots of Pl controllers were brought in.
Reference [14] analyzes the principle of the capacitor voltage fluctuations with theoretical
equations. The fluctuations are proportional to the amplitudes of output currents and
inversely proportional to the output frequency. So it’s unsuitable to apply MMC into drive
systems directly. Reference [14] and [16] proposed the method of injecting high
frequency common mode voltage components and circulating current components into the
arms to suppress the fluctuations at low frequencies directly. The startup performance of
induction motors is improved significantly by using this approach based on the
conventional V/f control strategy. However, the proposed method is suitable for drives
with quadratic torque loads and the implementation in high performance electrical drive
control strategies, such as vector control (VC) and direct torque control (DTC) were not
adopted.

Model predictive control (MPC) has been developed for power converters and
electrical drives in recent years [17-20]. To control the output phase currents of the
converter and balance the capacitor voltages synchronously, an MPC method of MMC is
developed in this paper. Vector control oriented by rotor flux is adopted to ensure the
steady and dynamic characteristics. The details are described by the following parts. In
Section 2, the system structure and operating principles of the MMC used in motor drives
are introduced. Section 3 analyzes mathematical model of a dc-ac MMC and derives
discrete mathematical models of variables for the MPC strategy. Section 4 presents the
design of control system. Simulations studies analyses are carried out in the
Matlab/Simulink software to investigate the effectiveness of the drive system in Section 5.
Conclusions are summarized in Section 6.

2. System Structure and Operating Principles

The main circuit configuration of an inverter based on three-phase MMC is presented
in Figure 1(a). The three phases have an identical structure which consists of two arms
and buffer inductors. The inductors named L, are used to suppress the circulating currents.
The upper and the lower arm in each phase consist of n series connected submodules,
respectively. The configuration of submodules is shown in Figure 1(b). Each of the
submodules is constructed with a half-bridge and a dc polar capacitor Csy. In this paper,
the upper and the lower switching device of the half-bridge are named as S1 and S2,
respectively.

By controlling the switching states of S1 and S2, the operating state of the submodule
can be changed selectively. When S1 is switched on and S2 is switched off, the capacitor
is put into the main circuit. The submodule is working as on-state, with its output voltage
Uswm is equal to the capacitor voltage u.. When S1 is switched off and S2 is switched on,
the capacitor is removed from the main circuit, and the submodule is working as off-state,
with the usy is zero. The converter’s phase voltages are defined as the voltages between
the ac-side output points and the fictitious dc side neutral point “0”. Phase voltage levels
are related to the operating states of the submodules in each phase. Reference [24]
analyzed the relationships between the maximum values of phase voltage levels and the
numbers of submodules which are on. If the number of on-state submodules is maintained
at n, the converter can generate n+1 voltage levels. 2n+1 voltage levels are also available
when the number of on-state submodules varies among n+1, n and n-1. The scope of this
paper is restricted to the MMCs which generate n+1 phase voltage levels, but the strategy
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can be expended to the condition of 2n+1 voltage levels.
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Figure 1. Circuit Configuration of the MMC and its SMS
3. Mathematical Model of an MMC

3.1. Continuous Mathematical Model

The positive directions of the electrical quantities are shown in Fig. 1. To facilitate the
modeling, the model of the induction motor (IM) is replaced by a equivalent resistance-
inductance load in this paper. Assuming that the capacitor voltages are ideally balanced,
the upper and lower arm voltage u,; and u,; of phase-j (j = a, b, c) can be expressed as

U
Up; (1) = nij% 1)
Uy (0 =12 @

where ny; and ny; represent the numbers of on-state submodules in the upper and lower
arm of phase-j, respectively, and Uy, is the dc-link voltage. For the MMC of n+1 phase
voltage levels, the sum of n,; and ny; is n.

In order to let each phase of MMC generate the expectative voltage levels at the ac-side,
the specific numbers of submodules in the upper arms and the lower arms should be set as
on-state. The relationship between the numbers and the output voltage is expressed by

(t) _ nJ (t) up] (t) r'Inj - r'ij
2 2n
where u; is the output phase voltage of phase j. It is obvious that u; changes stepwise
from —Ug./2 to Ug/2 with the step of Ug/n.
Applying the Kirchhoff’s current law (KCL) to phase-j, thus the arm currents can be
described by

HU ¢ 3)

5 =2150+ 1 iy © (4)
O =3O+ 1 +iy® ©

where iy and iy are the arm currents in phase-j, respectively, and Iy is the dc-link
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current, and i are the circulating currents that flowing internally between the phases of
the converter. Their positive directions are same with the arm currents and they never
affect the output at the ac-side.

Based on equations (4) and (5), the ac-side phase current of phase-j i; is expressed as

I (t) =i () =iy (1) (6)
Similarly, applying the Kirchhoff’s voltage law (KVL) to the phase-j of MMC in
Figure 1(a) yields

Udc _ _ dipj (t) _
> u,; (0 -L a u; (t) (7
Udc _ _ dlnj(t) _
% U, (0 - L~ =0, 0 (8)
i
u;(t) =Ri;(t) +L 9)

dt
Subtracting equations (8) from (7), then substituting i; for iy, i, and u; based on
equations (6) and (9). The dynamic character of ac-side phase current is described by

di. (t di. (t
uma)—%ﬂﬂzLf%%l+2HA0+2LJ£l (10)

According to equations (10), the phase current has a tight relationship with u,; and uy.
In other words, the phase current can be regulated by ug; and uy;.

For the submodule in on-state of phase-j, the dynamic character of its capacitor voltage
is expressed as
du,: (t

ici (1) =C Cdr—Jtl()

wherer=p, n,i=1,2,...,2n, and icy; is equal to the upper arm current i,; while icy; is

equal to the lower arm current of phase-j.

(11)

3.2. Discrete Mathematical Model for MPC Strategy

The discrete mathematical models of the controlled variables need to be developed
because the MPC strategy will use the models to predict the future values of the variables.
So it is necessary to make the continuous mathematical models in Section 3.1 discretized.

Considering that the sampling period T, is extremely short, the discretization process
can be accomplished by the following Euler forward equation:

dx(t)  x(k +1) —x(k)
dt T.

where x(k+1) is the predictive value of x at time k+1 and x(k) is the actual value of x at
time k.
According to equations (10) and (12), the discrete mathematical model of phase current
is deduced as
2T.R

: T, .
|ﬂk+n=I;:EE@mm)-%ﬂm)+a—Lﬂ+2Ly¢k) (13)

where ij(k+1) is the predictive value of i; at time k+1 and i; (k) is the actual value of i; at
time k.

Similarly, the discrete mathematical model of capacitor voltage in each submodule is
deduced by equations (11) and (12):

e (K +D) = iy (K) +Uey (k) @) "

Ugyji (K +1) = Ugy;i (K) (b)

(12)
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where Ucyji(k+1) is the predictive value of ucyi at time k+1 and uc;i(k) is the actual
value of ucy; at time k. If the submodule is in on-state at time k, the equations (14)-(a) is
efficient. Else if the submodule is in off-state at time k, the equations (14)-(b) is efficient.

4. Design of Control System

4.1. MPC Strategy for MMC

Taking the submodules as switches that let the capacitors in or out of the circuit, there
are N =CJ switching states in each phase of MMC that generates n+1 voltage levels.

Benefiting from the redundant switching states of each voltage level, the MPC strategy
for MMC is feasible. The MPC controller will be designed for phase-j in this section.

4.1.1. Cost Function: The control objectives of the MPC controller are required as
follows:
* make the ac-side phase currents of MMC track their reference values.
* keep the capacitor voltages balanced in each arm.
* maintain the arm energy balanced in each phase.
For the first control objective, the cost function g, should be defined as

9, =i -i/"] (15)
where i;" is the reference current of phase-j at ac-side and i’ is the predictive value of

phase-j current at ac-side.
To achieve the second control objective, the cost functions are deduced:

n U
Oxn = Z Ucrjip —— (16)

i=1

n

922=Z

uerip - Uer1p| (17)
i—2

where uc”-ip is the predictive value of capacitor voltages in phase-j, and ucr,-lp is the
predictive value of the first submodule’s capacitor voltage in each arm of phase-j. The
cost function g,; makes the capacitor voltages approach their nominal value Ug/n as
much as possible while g, keeps the voltages being the same from beginning to end.

The cost function g for the third control objective is defined as

n n
p p
D Ucgi® = D Ucyj
i=1 i=1

where Ucyi© and Uy~ are the predictive value of capacitor voltages in the upper and
lower arms, respectively. The cost function gz keeps the upper arm voltages and the lower
arm voltage being the same to some degree. Thus, the energy of phase-j is distributed in
the upper and lower arms on average.

According to equations (15)-(18), the ultimate cost function in this paper is expressed
as

gs = (18)

Udc
n

(19)

p_
Ui

n n n n
g=[i] —iP[+ 4, 2 2 = Ueris” |+ 2 [ 2 ey =D Uew®
i=1 i=2 i=1 i=1

Where 44, 4,, A3 are the weighting factors.

4.1.2 Minimization of Cost Function: The MPC block diagram of phase-j of MMC is
shown in Figure 2. The controlled variables will be predicted based on the predictive model in
Section 3.2 for all available switching states, then the optimized switching state will be selected out
by minimizing the cost function to drive the corresponding phase. The strategy can be described in
the flow diagram in Figure 3.
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Figure 2. Model Predictive Control Block Diagram for Phase-J of MMC
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Figure 3. Flow Diagram of the MPC Strategy for Phase-j of MMC

4.2. Model Predictive Vector Control

Vector control is the most popular linear strategy in high performance electric motor
drives. In this paper, a new rotor flux oriented vector control combined with MPC scheme
is proposed for a MMC motor drive system which named model predictive vector control
(MPVC).

The block diagram of the scheme for a MMC driving an induction motor is shown in
Figure 4. In this scheme, the cascaded control loops are used to improve its performance.
MPC controllers of each phase constitute the inner current control loop, which is
formulated in the stationary abc reference frame. The rotor flux and rotational speed are
regulated by two PI controllers which generate the reference currents (i and iq*) in the
rotating dq reference frame. In this way, the current in d-axis iq is related to the flux rotor
and the current in g-axis iq is related to the rotational speed. The angle of the three-phase
stator currents is calculated by rotor flux observer for orientation of the rotating dq
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reference frame. By the dg-af and the af-abc transforms, the reference currents iy and iq*
are transferred into i, , i, and i which are the reference currents of the MPC controllers.
Then the MPC controller set the optimal switching states S.qp, Spop and Scop for the three

phases of MMC based on the strategy designed in Section 4.1.

- i i" i a0p
apFIN\ abce» =
r Iy MPC Sto
. . . > lers[5 ]
) i i i.” |controllers
> [PIE=dg \F>{ap \F )
Lo P
ux | b
v, observer | I
A

. A

p
- Encoder

Figure 4. Model Predictive Vector Control of A MMC Driving an IM

Compared to the conventional vector control strategy, the conventional inner current
control loops with liner PI regulators and pulse width modulation (PWM) module are
replaced by MPC controllers in MPVC. Thus the difficulty of adjusting parameters in
control system becomes easier since the PI regulators are abandoned.

5. Performance Evaluation

A five-level MMC based drive system with the proposed MPVC scheme
described in section 4 is evaluated simulation analyses in the Matlab/Simulink
software. Table 1 shows the parameters of the simulated system in Figures 1 and 4.

Table 1. Parameters of the Simulated System

Parts Parameters Values

MMC dc-link voltage Uy =650V
buffer inductance Lo=6mH
No. of SMs per arm n=4
SM capacitance Csm = 1880 pF
Nominal capacitor u, =162.5V

voltage
MPC equivalent resistance of R=50Q
strategy IM
equivalent inductance of L=50mH
M

sampling period T,=50 ps

inducti real power Pm=2.2kW

on motor rated voltage U, =380V

rated frequency fn =50 Hz
rated rotating speed Nm = 1420 rpm
stator resistance Rs=294Q
stator inductance L, =0.02062 H
rotor resistance R, =2.39Q
rotor inductance L, =0.02062 H
mutual inductance L, =0.23507 H
inertia J=0.07 kg-m?

Copyright © 2016 SERSC

393



International Journal of Control and Automation
Vol.9, No.1 (2016)

Simulation studies with no load and rated load are carried out to demonstrate the steady
and dynamic characteristics of the drive system, respectively. In these studies, the start-up
process of the IM is included and the capacitors of the submodules are initially with their
nominal voltage value. Furthermore, the maximum torque of IM is limited at 30 N-m,
which is double of the rated value.

5.1. Steady-State Performance

5.1.1 Unloaded Property

The load of the IM is set to zero and the given rotating speed is equal to the rated value
in the whole process of this condition. The system simulation waveforms are given in
Figure 5. Figure 5(a) and (b) illustrate the actual rotating speed and the electromagnetic
torque of the motor, respectively. The motor finishes starting up and steps into steady
operation at about t = 0.4 s. Afterwards, the rotating speed is 1420 rpm and the
electromagnetic torque is O N-m.
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Figure 5. Simulation Waveforms of the Steady Characteristic for the Drive
System with No Load

Figure 5(c) illustrates the stator currents of the motor and Figure 5(d) illustrates the
capacitor voltages in phase-a during 1.8 s to 2 s, respectively. As a result, the output
currents of MMC are well sinusoidal and the capacitor voltages are maintained closed to
the expected value 162.5 V. The ripples of the capacitor voltages are limited to 4 V.
Figure 5(e) and (f) illustrate the phase-a output voltage and the phase-a&b line-to-line
voltage during 1.96 s to 2 s, respectively. It is obvious that the voltage of phase-a has five
voltage levels and the line-to-line voltage has nine voltage levels. The simulation results
are consistent with theoretical analysis.

5.1.2 Rated Load Property

Both the load and the given rotating speed of the IM are set to their rated values in the
whole process of this condition. The system simulation waveforms are given in Figure 6.
Figure 6(a) and (b) illustrate the actual rotating speed and the electromagnetic torque of
the motor, respectively. The motor finishes starting up and steps into steady operation at
about t = 0.8 s. Afterwards, the rotating speed is 1420 rpm and the electromagnetic torque
is15N-m.
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Figure 6. Simulation Waveforms of the Steady Characteristic for the Drive
System with Rated Load

Figure 6(c) illustrates the stator currents of the motor and Figure 6(d) illustrates the
capacitor voltages in phase-a during 1.8 s to 2 s, respectively. Similar to the unloaded
property, the currents are smoothed and the capacitor voltages are maintained closed to
the expected value 162.5 V. However, the amplitudes of the currents and the ripples of the
capacitor voltages become larger with the increasing of the load. Though the ripples of the
capacitor voltages increase to 8 V, the effect of the capacitor balancing control is also
satisfied. Figure 6(e) and (f) illustrate the phase-a output voltage and the phase-a&b line-
to-line voltage during 1.96 s to 2 s, respectively. Both of them are irregular compared to
the unloaded property, but it is also can be seen that the voltage of phase-a has five
voltage levels and the line-to-line voltage has nine voltage levels.

From the simulations studied above, it can be known that for the submodules in the
same arm, their voltages are kept as the same value all the time, and the energy of each
arm in each phase is balanced in dynamic. The MPC controllers for the phases of MMC
are correctly designed according the high-quality currents control and capacitor voltage
balancing control.

5.2. Dynamic-State Performance

5.2.1 Unloaded Property

The load of the IM is set to zero in the whole process of this case. The given rotating
speed is initially set to 710 rpm, which is half of the rated value. Then it is changed firstly
to 1420 rpm at t = 0.5 s, then secondly to -1420 rpm at t = 1 s to cause a speed reversal of
the motor. The corresponding system simulation waveforms are given in Figure 7.
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Figure 7. Simulation Waveforms of the Dynamic Characteristic for the
Drive System with No Load
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Figure 7(a) and (b) illustrate the actual rotating speed and the electromagnetic torque of
the motor, respectively. Figure 7(c) illustrates the stator currents and Fig. 7(d) illustrates
the capacitor voltages in phase-a, respectively. Figure 7(e) illustrates the stator flux
linkage locus in the rotating dq reference frame of the motor.

5.2.2 Rated Load Property

The load of the IM is set to rated value in the whole process of this case. The given
rotating speed is initially set to 710 rpm. Then it is changed firstly to 1420 rpmatt=0.6 s
and secondly to -1420 rpm at t = 1.2 s to cause a speed reversal of the motor. The
corresponding simulation waveforms are illustrated in Figure 8.

Figure 8(a) and (b) illustrate the actual rotating speed and the electromagnetic torque of
the motor, respectively. Figure 8(c) illustrates the stator currents and Figure 8(d)
illustrates the capacitor voltages in phase-a, respectively. Figure 8(e) illustrates the stator
flux linkage locus in the rotating dq reference frame of the motor.

L] [

T,(Nim)

—

1 ~
|

B |
135 1 05 0 05 1 15
(O]

Figure 8: Simulation Waveforms of the Dynamic Characteristic for the Drive
System with Rated Load

As can be seen, both the simulations with no load and rated load achieve nice dynamic
performances. The actual rotating speed always tracks the given value accurately. Rapid
responses to the step changes of given rotating speed are acquired by the currents and
torque as their settling times are very short. Stator flux linkage loci are drawn in the the
rotating dq reference frame demonstrte satisfactory characteristics of flux. However,
consistent with the theoretical analysis, it’s hard to make the capacitor voltages
maintained their nominal value in the processes of speed adjustment. This is because, on
one hand, the amplitudes of the output currents are always at the maximum value during
the process, on the other hand, the output frequency varies across the low frequency
segment. Thus, the ripples become large especially when the rotating speed is lower than
500 rpm. The capacitor voltages in the same arm are kept the as the same value, and the
energy of each arm in each phase is balanced in dynamic, so the capacitor voltage
balancing control is effective in these cases to some degree. What’s more, the weighting
factors of the MPC strategy can be enlarged to achieve a better control of capacitor
voltages, but the control of output currents will be worse at the same time. It can be
concluded that the MPC controllers make their efforts to ensure the high quality of output
currents even though the capacitor voltages fluctuate in a very wide range. The proposed
MPVC scheme is correct and effective for a high performance MMC drive system.
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6. Conclusion

This paper proposes an MPVC scheme for MMC electric motor drive systems. To
apply MPC strategy into the controls of output currents and capacitor voltages for the
inverter, discrete mathematical models of the controlled variables are presented based on
the continuous mathematical models. The proposed MPVC scheme is constituted by using
MPC controllers as parts of inner current control loops in rotor flux oriented vector
control. Unlike the control approaches reported of MMC drive systems before in the
literature, MPVC make it possible to control both the inverter and the machine in one
computational stage with the cancellation of the independent modulation module.

The simulation analyses of a MMC drive with an induction motor are carried out by
the Matlab/Simulik software. The simulation waveforms indicate that the drive system
achieves high performances under various operating conditions regardless of the capacitor
voltages® fluctuations at low speeds. Thus, it is possible to apply MMCs into high
performance drive system by using MPVC, the following researches should be mainly
concentrate on the capacitor voltage fluctuation suppressing control at low speeds.
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