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G R W N e

Abstract: This paper presents a medium-voltage drive based on an open-end winding induction
machine supplied by a multilevel power converter topology. The power converter consists of
cascaded two-level three-phase voltage source inverters (VSI) connected to each side of the machine
windings and each VSl is fed by an isolated DC supply. The topology has been previously reported
in the literature as a sinusoidal pulse-width modulation operating in an open loop. In this work,
a closed-loop model predictive control (MPC) strategy is proposed. MPC offers a much simpler
method to control the power switches of the inverter compared to complex modulation strategies that
are typically used in multilevel converters. Moreover, the advantage of reducing the common-mode
voltage offered by the open-end winding configuration is fully exploited in this work. Simulation
results are presented to validate the performance of the proposed topology and control method.

Keywords: predictive control; induction motor; cascaded three-level inverter; open-end winding

1. Introduction

Medium-voltage motor drives are largely used in industrial applications. The typical
variable frequency drives (VFDs) for these voltage levels are based on multilevel/multipulse
topologies that aim to reduce the voltage/current stress in the switching semiconductors
and improve the quality of the energy delivered to the motor and consumed from the grid.
The wide presence of the three-level neutral-point-clamped (NPC) converter and multi-cell
topologies is remarkable [1-3]. In general, one of the problems with VFDs, especially
medium-voltage ones, is the generation of common-mode voltage (CMV) [4,5], which leads
to currents that could circulate through the machine bearings, eventually causing damage
and loss of production due to the out-of-service time needed to repair of the machine. This
CMV occurs mainly from the generated pulse-width modulated voltage of the inverter,
and sometimes filters are necessary between the inverter and the motor to obtain more
sinusoidal voltages to supply the machine. In this scenario, open-end winding topology
is a promising alternative and has been widely studied in the last few years. One of its
main advantages is the possibility of reducing the CMV at the machine terminals [6-10]
and fault-tolerant capabilities could also be achieved depending on the control strategy
used. Moreover, the voltage transfer ratio is increased by a factor of /3 compared to a wye-
connected load, and compared to a delta-connected load, the current in the semiconductors
is reduced by a factor of V3.

On the other hand, to control multilevel topologies, linear regulators, along with space
vector modulation (SVM) strategies, are usually employed [11-13]. The disadvantage is
that SVM for multilevel inverters does not provide a straightforward implementation since
the number of available voltage vectors is high, the number of possible sectors where the
tip of the voltage reference could lie is also high and difficult to identify, and the calculation
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of duty cycles is not simple. In the last few years, model predictive control has arisen
as the most promising control strategy for electrical drives since it offers a set of desired
characteristics such as the possibility of multivariable control, it can easily deal with non-
linearities and constraints, and in its simplest form, no modulation is required [14,15].
Moreover, if a modulation stage is still needed, modifications of conventional MPC have
also been proposed in the literature that combine the advantages of predictive control
with the benefits of synthesizing a modulator (especially in terms of current harmonic
components) [16,17].

Several topologies and control strategies have been proposed in the literature for
medium-voltage drives [18-31]. In [18-21], the application of modular multilevel converters
(MMCs) was proposed. In [18], the MMC topology considered the cross-connection of the
upper and lower arms’ middle points through a branch of series-connected half-bridge
converters. The idea is to provide a physical path for power transfer between the arms
to improve the power balance. In [19], a flying-capacitor MMC circuit was proposed.
The topology is intended to mitigate the sub-module capacitors” voltage ripple and avoid
common-mode voltage injection. A control technique for a back-to-back MMC-based
motor drive was proposed in [20,21]. The strategy aims to improve the balance of the
sub-module capacitors, reducing large voltage fluctuations at low frequencies. A thyristor-
based load-commutated inverter that considers an additional IGBT-based voltage source
inverter (VSI) to supply reactive power to an induction machine was proposed in [22]. The
main disadvantage of the proposed topology is that it requires a machine with a tapped
stator winding to connect the mentioned VSI. In [23], a medium-voltage drive based on
a doubly fed induction motor was proposed, featuring a special induction machine with
a stator operating at a medium-voltage level and a rotor operating at a low-voltage level.
The machine’s topology simplifies the design and construction of the power electronic
converter, which is typically connected to the rotor in doubly fed machines.

On the other hand, regarding control strategies, predictive control has also been pro-
posed for medium-voltage drives [24-31]. In [24], a comparison of control and modulation
strategies was presented with a focus on predictive control versus PWM-based schemes.
In [25,26], a predictive control strategy for the stator currents of an induction machine fed
by an NPC inverter was proposed. The strategy aims to avoid the possibility of resonance
in the inductive-capacitive filter typically connected to the output of the inverter. Predictive
control of a three-level boost converter and an NPC inverter was proposed in [27] for a
wind-energy conversion system based on a permanent magnet generator. A finite, control-
set MPC technique was presented in [28] for a nested NPC inverter as an alternative to
conventional linear controller + modulation schemes. In [29,30], MPC techniques were
applied to MMCs to simplify the usually complicated control schemes of these converters.
MPC was proposed for a cascaded H-bridge topology for medium-voltage grid-connected
applications in [29], where a two-step predictive calculation was proposed to eliminate
problems due to delays associated with conventional MPC.

In this work, a medium-voltage open-end winding induction machine drive is pre-
sented. The topology of the proposed drive is shown in Figure 1, where each side of the
machine winding is supplied by a three-level VSI based on two cascaded two-level three-
phase inverters [32,33]. The main advantages of the cascaded two-level inverters compared
to the conventional three-level NPC inverter are that the neutral point fluctuations are
absent and fast-recovery neutral-clamping diodes are not needed. However, the bottom
switches of inverters 2 and 4 need to be rated for the full DC-link voltage (Vpc/2 for the
case in Figure 1) [32], unlike the case of the three-level NPC inverter, where all the switches
are rated for half the DC-link voltage (Vpc /4 for the case in Figure 1) [34,35].

With this circuit configuration, the machine phase voltage obtained will have a max-
imum of five levels, as shown in [33], where a carrier-based modulation strategy was
proposed for the topology in Figure 1. The contribution of the present paper is to con-
tinue the work in [33] by employing a predictive control scheme instead of a sinusoidal
pulse-width modulation (SPWM) strategy. Since the proposed topology presents a high
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number of switching state combinations (212 = 4096), the application of an MPC strategy
will result in an easier and faster implementation compared to using a linear controller +
space vector modulation algorithm. In addition, for the sake of simplicity, conventional
MPC with a predictive horizon of one sample is used in the control scheme. Moreover, the
cost function of the predictive strategy only evaluates voltage vectors that do not produce
common-mode voltage at the machine terminals, reducing the required calculations and
iterations of the control scheme.
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Figure 1. Medium-voltage open-end winding induction motor drive.

The remainder of the paper is organized as follows. Section 2 explains the power
converter topology in detail and shows the machine model. Section 3 presents the proposed
predictive control strategy. Section 4 shows the simulation results obtained to validate the
proposed method, and Section 5 presents the conclusions.

2. Power Converter Topology
2.1. Space Voltage Vectors

In the proposed power converter topology (see Figure 1), each inverter (1, 2, 3, and 4)
can produce a total of eight voltage vectors associated with eight switching states, which are
presented in Table 1. In this table, switching states 1 ... 6 are active voltage vectors, whereas
states 0 and 7 are zero vectors. Considering all the possible switching state combinations of
the four individual inverters, there is a total of 4096 possible voltage vectors in the topology.
In general, an output voltage vector can be expressed as:

Vo = Vg +aVg +a?Ve 1)
witha = e/ %ﬂ, and Vy, Vp, and V( are the machine phase voltages given by:
Va=Var—Vas, Vg =V — Vs, Vo = Vo — Vs 2

where Vo, Vo, Viep and Vag, Vpa, Vs, are the corresponding pole voltages of inverters 2
and 4, respectively. By applying (1) to all the possible switching states, the 4096 voltage
vector combinations can be grouped into 61 space locations and form a hexagon that can be
divided into 96 sectors (Figure 2).
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Table 1. Switching states of the individual three-phase inverters.

Inverter State N° State of Switches [S;4 S;g Sicl withi=1, 2, 3,4 Inverter State N° State of Switches [S;4 S;p Sicl withi=1,2,3,4
1 [100] 5 [001]
2 [110] 6 [101]
3 [010] 7 111]
4 [011] 0 [000]
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Figure 2. Space vector locations of the proposed topology.

2.2. Common-Mode Voltage

In the open-end winding machine drive in Figure 1, the common-mode voltage is
given by [8]:
1
Vem = ¢ (Vaz + Vg2 + Voo + Vag + Vs + Veu) ®)
If Equation (3) is evaluated with the voltage produced by all the available voltage vec-
tors of the proposed topology, for certain vectors (61 in total), Vcy = 0, thereby eliminating
the generation of common-mode voltage at the machine terminals. The switching states
that do not produce common-mode voltages in the proposed topology are presented in
Table 2.

Table 2. Voltage vectors for zero common-mode voltages.

Inv.1 Inv.2 Inv.3 Inv4 Inv.1 Inv.2 Inv.3 Inv.4

State State State State Vo State State State State Vo

0 0 0 0 0£0° 3 3 0 3 Vpe /44120°

1 1 0 0 Vpc/2/0° 5 5 0 5 Vpc/4/240°

4 4 0 0 Vpe/2£180° 2 2 0 2 Vpe/4260°

4 4 1 1 VpeZ180° 1 1 3 3 V/3Vpc/2£330°
1 1 4 4 VpeZ0° 3 3 1 1 V3Vpc/2£150°
4 4 0 4 Vpc/4£180° 5 5 1 1 V3BVpe/24210°
1 1 0 1 Vpe/4£0° 1 1 5 5 V3Vpc/2430°
4 4 0 1 3Vpe/4/180° 6 6 3 7 3Vpe/4£300°
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Table 2. Cont.
Inv.1 Inv.2 Inv.3 Inv.4 v Inv.1 Inv.2 Inv.3 Inv.4 v
State State State State 0 State State State State 0
1 1 0 4 3Vpc/4£0° 3 3 0 6 3Vpc/44120°
3 3 6 6 VpcZ120° 5 5 0 2 3Vpc/44240°
2 2 5 5 Ve Z60° 2 2 5 7 3Vpc/4460°
3 3 0 0 Vpc/2£120° 6 6 0 5 3Vpc/44300°
0 0 5 5 Vpc/2260° 2 6 0 5 3Vpc/4£120°
5 5 3 3 V3Vpe/24270° 4 4 0 5 V7Vpe /42100.9°
3 3 5 5 V3BVpe/2290° 4 4 0 3 V3BVpe/44210°
6 6 0 1 V3BVpc/42270° 6 6 0 2 V7Vpe/4£280.9°
2 2 0 1 V3BVpe/4290° 3 3 0 5 V7Vpe/4£100.9°
6 6 3 3 Vpc£300° 5 5 0 3 V3Vpe/4£210°
5 5 2 2 Vpc £240° 3 3 5 4 V3Vpc/4£150°
6 6 0 0 Vbe/24300° 1 1 0 3 V7Vpc /4£340.9°
5 5 0 7 Vbe/24240° 4 4 0 6 3Vpc/44120°
2 2 0 0 Vpc/2260° 4 4 0 2 V7Vpe/4£199.1°
1 1 3 2 V7Vpc/4£319.1° 1 1 0 5 V7Vpe/4£19.1°
3 3 0 1 V7Vpc/44139.1° 1 1 3 4 V13Vpc/4/346.1°
5 5 0 1 V7Vpc/422209° 4 4 1 6 V13Vpc/4/166.1°
2 2 0 4 V7Vpc/4/409° 4 4 1 2 V13Vpc/4/4193.9°
6 6 3 2 V13Vpc/4/232.1° 1 1 5 2 V3Vpc/44330°
3 3 5 6 V13Vpc/4/106.1° 6 6 3 2 V13Vpc/4/286.1°
5 5 3 2 V13Vpc/4/253.9° 3 3 1 6 V13Vpc/4/133.9°
2 2 5 6 V13Vpc/44739° 5 5 1 2 V13Vp /4/226.1°
6 6 0 6 V3BVpe/4£330°

3. Machine Model

The conventional model of a squirrel cage induction machine consists of a stator and
rotor magnetic flux equations [36]. In the « — B reference frame, the model is given by:

ap
PO 1) — R 1 @
avP ‘ « «
YTU) = joo ()P (1) = ReiP (1) 5)

B p

is the stator voltage, ‘I’Saﬁ and iy
respectively, ¥, P and ifﬁ are the rotor magnetic flux and current, respectively, and wy is the
electrical angular speed of the rotor. On the other hand, the machine magnetic fluxes and
currents are related by:

o .
where are the stator magnetic flux and current,

P = Lt () + LoitP (1) ©6)
P (1) = Loi® (t) + Li*P (1) @)

where L is the mutual inductance, and L; and L, are the stator and rotor inductances,
respectively. By combining Equations (4)-(7), the machine model can be obtained in terms
of the stator current and the rotor magnetic flux as follows:

d?ﬁ t 1 o L Ry : & L2Rr i

B i o () 100 - <Rs +=4 ):f(t)] ®
dtI/;X/S R, . « LoR; &
W _ ( _]wr(t)>‘1’rﬁ(t) + oL ©)
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72
where o = % is the total leakage coefficient of the machine. By separating (8)—(9) into

real (¢) and imaginary () components, the following are obtained:

i r oRr ),
dfigt)_alLs[ ()+Z)<lzr‘f’“()+wr(t)lf’rﬁ(f)>—<Rs+L21;)1?('5)] 10

B
dlzlit) _ glLs |ft£ (t) + io (Lr ‘Pﬁ( t) — wr(t)'f/ra(t)) - (Rs + Li?)f(t)] (11)

L0 <1L< we(t) r(f)l}/ﬁ(t)) + LOL’f’ (1) (12)
B
B0 - (Febw - i) + B2 3

The presented model is used in the proposed predictive control strategy described in
the next section.

4. Predictive Control Strategy

To apply a predictive control scheme, a discrete model of the machine is required. If the
sampling period T is low enough compared to the dynamics of the system, the derivative
of the current can be approximated with good accuracy by Euler’s formula dx ~ M.

Then, the dynamic model of the machine can be rewritten as:

itk+1] = aTLSS [ *[K] + LS<L, w2 [ +w,[k]qff[k]> - <Rs + Lif - alg)i;“[k]] (14)

2
€k +1] = ;Es [uf[k] - L( I "y P k] — wdk]‘f’f‘[k]) - <Rs + Lgf — a%)if[k}] (15)

w1 = T (7 - 1) ¥ — oY+ SO (16)
Yk +1) =T [(Tl Lr)‘f’ﬁ[ |+ w, [k [K] + L?f’if[k]] (17)

where x[k] represents a variable (voltage, current, or flux) in the current sampling instant
and x[k + 1] represents a variable in the next sampling instant. For the sake of simplicity,
the rotor speed is assumed to be constant within a sampling period since its variation is
very slow compared to the dynamics of the machine’s electrical variables.

With this set of equations, it is possible to predict the future value (instant k + 1) of the
machine currents and fluxes. For the currents, Equations (15) and (16) are evaluated for all
the voltage vectors of the power inverter that do not produce a CMV (Table 2). Therefore, a
cost function can be proposed to calculate the error between current references and their
predictions:

g= (e i [k+1])2+(i§ref—if[k+l])2 (18)

The objective is to select the switching state that minimizes this cost function. In
general, this form of cost (or objective) function is the simplest possible form when using
MPC. However, a larger predictive horizon and/or penalty on the change of the control
input to regulate the average switching frequency could be included [37]. The proposed
control scheme is shown in Figure 3, where an outer speed-control loop generates a g-axis
current reference (associated with the torque) for the machine.
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Figure 3. Diagram of the proposed current predictive control strategy for an open-end winding
machine drive.
5. Simulation Results

The proposed topology and control strategy were simulated in the PSim platform
and the results were then plotted and analyzed in MATLAB. Different torque and speed
conditions were considered. The simulation parameters are shown in Table 3.

Table 3. Simulation parameters.

Symbol Quantity Value

Vbe DC voltage 2000 V
p Power 1000 hp
Rs Stator resistance 0.45 Q)
Ls Stator inductance 0.0854 H
Rg Rotor resistance 0.54 O)
Ly Rotor inductance 0.086 H
Lo Magnetizing inductance 0.077H
p Pole pairs 6

fs Sampling frequency 2 kHz

The first test was carried out to verify the performance of the current controllers
considering a constant speed of 400 rpm. In this simulation, an initial speed was applied to
the PSim induction machine model and the inertia coefficient was set to a high value to
avoid speed variations during the current transients. A step change in the g-axis reference
current from 0 to ~300 A was applied in t = 0.2 s. The d-axis reference current was kept
constant at ~200 A. The results are presented in Figure 4. In Figure 4a, the machine currents
and phase-A voltage are shown. The high-quality currents and five-level nature of the
voltage can be seen. In Figure 4b, the correct tracking of the reference currents can be
observed in the dg reference frame. Figure 4c shows the speed that remained constant
during the test and the common-mode voltage at the machine terminals that was eliminated
due to the specific set of vectors used in the predictive control algorithm.

In the second test, the control system was evaluated for constant torque and a step
change in the speed applied at t = 0.2 s. The results are shown in Figure 5. Figure 5a shows
the currents and phase voltage of the machine. Figure 5b shows the correct tracking of
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the dg-axis reference currents, whereas Figure 5c shows the machine speed and common-
mode voltage. In general, the fast response of the control scheme was achieved with low
distortion in the currents and the elimination of the common-mode voltage.

Figure 5. Cont.

700 ' ' ' ' ' ' ' 400 . . . . .
. 3s0f r' 300 F — Lgrer — 14|
= < 200 bomay A A,

G v — r b
= 3s0t ok -
700 . . . . . . . 100 . . . . . . .
0 005 01 015 02 025 03 035 04 0 005 01 0I5 02 025 03 035 04
Time [s] Time [s]
400 T T T T T T T

= 300 F 3

= = 200f 1
3 =100} 1

- B

0 R —
q,ref q
6000 . . . . . . . -100 . . . . .
0 005 01 015 02 025 03 035 04 0 005 01 015 02 025 03 035 04
Time [s] Time [s]
(a) (b)
800 T T T T T T T
Eooof
=1
et
;400
4
2200}
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time [s]
=
20
5
To 005 01 015 02 025 03 035 04
Time [s]
(0)
Figure 4. Simulation results for the constant speed and change in the g-axis current. (a) Machine
currents (top) and phase voltage (bottom); (b) dg-axis currents; (c) rotor speed (top) and common-
mode voltage (bottom).
1000 T T T T 400
500 - | 300 f _Id.ref _Id m
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5 IR Mmm‘a % | .
= s00f 1 ol 1
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= 300 1
S = 200f [— ]
s 0 =00} 1
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or _]qnf _Iq 1
6000 . . . . . . . 100 . . . . .
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Time [s] Time [s]
(a) (b)
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Figure 5. Simulation results for the torque and change in the speed. (a) Machine currents (top) and
phase voltage (bottom); (b) dg-axis currents; (c) rotor speed (top) and common-mode voltage (bottom).

A comparison of MPC and SPWM for the total harmonic distortion (THD) of the
machine currents and the torque ripple was carried out for different speeds considering a
constant torque of 0.5 pu. Figure 6a shows the current THD, whereas Figure 6b shows the
torque ripple. It can be seen that the performance achieved using MPC was similar to that
obtained using SPWM, especially at high speeds. The maximum difference between both
methods was 1% for the current THD and 1.8% for the torque ripple, thereby making the
MPC strategy competitive for the proposed machine drive topology.

M

20

Torque ripple [%]
S o

wn
T

—&—MPC | —&— MPC
—6— SPWM —6— SPWM

220

n n 0 " " " n
440 660 880 1100 0 220 440 660 880 1100

Speed [rpm] Speed [rpm]

(@) (b)

Figure 6. Comparison of MPC and SPWM. (a) Current THD as a function of the speed. (b) Torque
ripple as a function of the speed.

In an MPC strategy, the switching frequency is not constant but could vary depending
on the optimization of the cost function (e.g., the same voltage vector selected and applied
during two consecutive sampling periods will reduce the equivalent switching frequency).
Figure 7 shows the average switching frequency obtained as a function of the speed.

=3
=3
=)

®
=3
=3

=)
=
S

&
>
S

I~

=

S
T

Average switching frequency [Hz]

=

220 440 660 880 1100
Speed [rpm]

o

Figure 7. Average switching frequency as a function of the speed.
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Finally, regarding the losses obtained using the proposed topology and control strategy,
a brief efficiency analysis was carried out, again considering the variable speed with a rated
constant torque. It is worth mentioning that the losses of the inverter were calculated using
a well-accepted method [38] that considers simulated waveform data together with the
power device manufacturer’s datasheet information (IGBT Semikron SKM300GA12T4, in
this case) to calculate the conduction and switching losses. The obtained efficiency curve is
plotted in Figure 8, which shows that a maximum efficiency of about 95% was obtained for
the inverter.

L

X

)

<9

5 90 /.//' -
e

b=

@

E‘ 80 E
b

>

=

= 7 ) ) )

0 275 550 825 1100
Speed [rpm]

Figure 8. Inverter efficiency as a function of the speed.

6. Conclusions

A predictive control strategy for an open-end winding machine drive was proposed
for medium-voltage applications. The power converter topology consists of a multilevel
inverter based on cascaded two-level three-phase inverters. The application of a predictive
control scheme avoids the employment of complex modulation algorithms typically used
in multilevel inverters. Moreover, a reduction in the common-mode voltage at the machine
terminals is obtained since the predictive strategy only considers the voltage vectors of the
inverter that do not produce a CMV. The simulation results were presented, showing the
feasibility of the proposed topology and control strategy. Future work on this topic could
include a modification of the proposed topology considering a single DC supply (instead
of isolated DC sources) and/or using a modulated model predictive control scheme that
combines the benefits of conventional MPC with the advantages of a modulation strategy.
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