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Passivity-Based Model Predictive Control of
Three-Level Inverter-Fed Induction Motor

Fengxiang Wang

Abstract—Finite control set model predictive control (FCS-
MPC) of three-level neutral point clamped inverter-fed induction
motor has received wide concern recently, thanks to its low switch-
ing frequency and fast dynamics. However, the performance largely
depends on the accurate measurement and parameters which
determine the feedback and control loops, respectively. Besides,
FCS-MPC demands a large number of resources to perform the
exhaustive search, which indicates that the computation burden
increases exponentially with the increasing switching states. Aim-
ing at improving the robustness under the condition of unavoidable
measuring noises and parameter variation as well as reducing the
computational burden, a passivity-based model predictive control
(PB-MPC) scheme is presented in this article. For an ideal system,
the PB-MPC has a similar character as that of the FCS-MPC. In
real applications, where noises and disturbances impact the system
more or less, PB-MPC outperforms FCS-MPC due to the power
shaping and damping injection inherited from passivity-based con-
trol which ensures the asymptotic stability. A Lyapunov function is
designed to prove the stability of the proposed scheme. The stability
and efficiency are verified by both simulation and experimental
results.

Index Terms—Induction motor (IM), model predictive control
(MPC), passivity-based control (PBC), three-level neutral point
clamped converter.

I. INTRODUCTION

EUTRAL point clamp (NPC) converters are characterized
by low switching frequency, low distortion factor, and low
voltage drop, which makes NPC converters suitable for medium-
and high-power situations [1], [2]. In NPC inverter-fed induction
motors (IMs), the flux and torque take essential parts in the
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control target, along with the neutral point potential which is a
fundamental element in NPC converters [3]. Finite control set
model predictive control (FCS-MPC) strategies which have been
applied to many systems, e.g., back-to-back (BTB) converter
for wind turbine [4], active front-end (AFE) [5], and Z-source
inverter [6], are capable of handling additional constrains in-
cluding neutral point voltage without much effort by searching
the optimal vector from the candidates [7].

Among the predictive strategies in alternating-current (ac)
motors, predictive torque control (PTC) and predictive current
control (PCC) are the most well-known schemes [8]. PTC is
characterized by its fast speed, while the current total harmonic
distortions (THDs) of PTC are higher than PCC [9]. Litera-
ture [10] proposed a scheme that obtains a current performance
similar to PCC without the knowledge of the rotational angle.
PTC that considers maximum torque per ampere in a flux-limited
and flux-increased region with little computation effort is pro-
posedin[11]. A robustness MPC scheme for the three-level NPC
BTB converter with permanent magnet synchronous generator
(PMSG) is presented in [12]. Omitting the calculation of the
torque and flux which involves the square root operation, PCC
reduces a lot of calculation time. The implementation of PCC
in the Vienna rectifier with PMSG system is exploited in [13].
A sensorless PCC based on Luenberger observer is proposed
in [14] whose aim is to enhance the robustness.

An issue that impedes the development of FCS-MPC in
the real application is the heavy calculation burden during
the enumeration of all admissible voltage vectors (VVs) [15].
The processor requires eight exhaustive searches for two-level
converters. In the three-level situation, however, a total of 27
iterations are demanded to search all the candidates.

Some studies have investigated the solution to reduce com-
putation time. A simplified MPC scheme was proposed to re-
duce the computational burden without deteriorating the control
performance in two- and three-level AFEs [16]. Literature [17]
extended the use of simplified MPC to applications of BTB con-
verter with PMSG. However, the current performance is slightly
deteriorated. The above schemes follow the dead-beat (DB) to
select the section where the candidates locate in. In [18] and [19],
table-based methods are proposed to reduce the computational
effort for two-level inverter-fed IM and matrix converter (MC)
fed permanent magnet synchronous motor (PMSM), respec-
tively. However, stability issue in these papers is not discussed.
Table I shows the detailed comparison.Disturbances from every
corner affect the performance of the controller to some extent.
Paper [8] explores the sensitivity of FCS-MPC to parameter
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TABLE I
ONE-STEP ONE-VECTOR COMPUTATIONALLY EFFICIENT MPC SCHEMES

Dead-beat-based approach
Ref. [16] based on TMS320F28335

[17] based on NI-CRIO 9082

Table-based approach
[18] based on DS1104 R&D [19] based on TMS320F2812

Common mode voltage considered

Two candidate region types

Switching frequency reduction Bi-direction energy flow

Pros Two- and three-level AFE Three-level BTB with PMSG Cost function simplification MC-fed PMSM
Execution time reduction: Execution time reduction: Execution time reduction: Execution time reduction:
Two-level:48.8%,three-level:43.1% Hexagon:55.1%,Triangle:79.6% 29.6% 40.17%
Cons Front-end only Slight performance deterioration Two-level only Performance deterioration

deviation. Designing a disturbance observer is an effective way
to compensate for some disturbances in control schemes. An
active disturbance rejection-based MPC is proposed in [20] to
reduce the error caused by deviated parameters. An extended

TABLE II
SYSTEM VARIABLES AND PARAMETERS

state observer for AFEs [21] intends to enhance the robustness
against the parameter inaccuracy.
However, errors caused by measuring noises cannot be in-

cluded in the observed disturbance and high precision sensors are
financially expensive. It is important to design a less-expensive
scheme in both computation and finance that guarantees the
performance in a hostile environment.

Passivity-based control (PBC), which manipulates the power
of a dissipation system, ensures asymptotic stability [22]. The
stability of the switched reluctance-based wind system can be
improved by suppressing the oscillations [23]. Different re-
sponse periods can be achieved in boost converter by algebraic
designing of the damping factor [24].

In this article, a passivity-based model predictive control
(PB-MPC) algorithm is proposed to enhance stability and reduce
the computational effort. Simulation and experimental results on
three-level NPC converter-fed IM further validate the effective-
ness of this scheme.

The contributions of this article include the following.

1) An efficient solution to reduce the computational burden

of FCS-MPC is proposed.

2) The stability of the proposed scheme is proved by the
Lyapunov function.

3) Current and torque performance is improved due to the
reduction of the impacts led by the disturbance, which is
validated both by simulation and experimental results.

This article is constructed as follows. In Section II, models of
three-level NPC converter and IM are established. In Section 111,
the passivity-based controller and model predictive controller
are to be described succinctly based on the model formulated
in the previous section. Section IV presents the proposed PB-
MPC strategy. Its stability and efficiency are demonstrated via
the Lyapunov function and qualitative evaluation in Section V,
respectively. Simulation and experimental results are exhibited
in Section VI. Finally, article is concluded with Section VII.

The subscripts C,, and Cj in this article denote the o and 3
elements of array vector C' in the stationary frame, respectively,
and superscripts C*, C?, and C present reference, predictive,
and estimated counterparts of C, respectively.

II. MODEL OF THREE-LEVEL NPC CONVERTER-FED IM

In this section, the model of the NPC converter-fed IM will
be described and the next step value of manipulated variables

Description Parameter Value
DC-link Voltage Vie 540 V
DC-link Capacitance C 4700 pF
Rated Power PN 4 kW
Rated Voltage N 380 V
Rated Current N 89 A
Rated Rotor Flux [l || Y 0.85 Wb
Rated Torque TN 26 N-m
Rated Speed whN 1445 RPM
Based Frequency m 50 Hz
Pole Pairs Np 2
Magnetizing Inductance L 154.7 mH
Stator Inductance Ls 160.4 mH
Rotor Inductance L, 160.4 mH
Stator Resistance Rs 1.258 Q
Rotor Resistance R, 1.030 ©2
Inertia J 0.0025 Kg-m?
Sampling Time Ts 50 us
IESar JES,  NESa
+
V. 1=
- Saz WK Sy MRS, ia
i @
Vdc*__ iD ‘ ‘ le @
+ J Sa3 J Sb3 IU Sc3
Vea =
KB5S NBSps  NBSeu

Fig. 1. Three-level NPC converter with IM.

will be updated based on the model derived. The definition of
variables can be referred to in Table II and Fig. 1.

A. Three-Level NPC Inverters

The three-level NPC converter takes its name from the clamp-
ing diodes which provide an additional zero voltage level. As-
signing the first and fourth power devices in one bridge as Sy
and S.4, the switching state of this phase is S, = S;1 — Sy4,
where = € {a,b, ¢} presents each phase of the power converter.
With the switching states of each phase, the VV generated by
the NPC converter can be calculated as

o, Va2l
72310

|
‘5[\3\»—-

_1
A S (1)
2 2

T
where S = [Sa Sp SC} is a vector defined in the abc plane.
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The capacitor voltages V., and V., are controlled by the
currents that flow in and draw out. When the V. is provided by
direct-current (dc) voltage source, the only element that affects
the capacitor voltage is the neutral point current 7,,. The voltage
difference AV can be expressed as

d d ) T
C’aAV = C% (Ver = Vea) = ip = —tyy, - abs(S)  (2)

where 4y = [ia iy ic]T is three-phase current in the abe
frame and abs(S) = [|Sa| |5 |S:[]T.

B. Induction Motors

A squirrel-cage IM whose rotor winding is short circuit acts
as an ac load of the NPC inverter.

IM can be concluded by the widely accepted mathematical
model in the a3 frame with stator voltage v and load torque 7;
input. The system states are stator current %, rotor flux ),., and
mechanical speed w,

d 1
oLs—is =vs — Ryis + ki (IZ - weJ2> wr (3a)

dt T

T, d 1 weTr
Lop, =y — — J 3b
L, dt Tvbr 2 Lo Q/’r + Lo 21nbr (3b)

d 3 Ly, ,
Jowm = =T — Bum + 5 I, Ny (¥, x i) (3o)
Te

where Jo = [, [],identity matrix I = diag(1,1), and o =
1— %k, =Lo R, =R, + k2R, 7, = L. Electrical

speed w, = N,wy, and electromagnetic torque 7, is propor-
tional to the cross product of rotor flux ), and <.

III. MODEL PREDICTIVE CONTROL AND
PASSIVITY-BASED CONTROL

Both MPC and PBC serve as the inner loop. Flux reference
l]|* is set to its rated value and a proportional-integral (PI)
controller provides the torque reference 77,

For the current controller, the reference currents on the o3
frame are obtained from the reference on the dq frame which
are calculated with the information of flux and torque reference,
by inverse park transformation

ol

= (@)
2 L T
o for _te 4b
VS AN )
it |  |cos(0) —sin(0)]| |ii,
L’;J - Lin(ﬁ) cos(6) 1 L”;q ()

where the rotation angle € is obtained from the rotor flux ,..

A. Model Predictive Control

MPC, known as receding horizon control, solves the opti-
mization problem by searching within the admissible VVs to
find the optimal one that minimizes the cost function.
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By discretizing (3), we can obtain the following equations:

is(k+1) = :ivs(k) + (1 - if") is(k)

v (TITIQ - weJQ) NI
%w+n=n(““@:¢““+%h@%0

+ P, (k). ©6)

In the three-level situation, the neutral point voltage has an
essential role as the currents. Aiming at balancing the voltage of
the capacitor, the potential difference which shall maintain zero
can be concluded by the following equation:

AV(k+1)=AV (k) + % (—ily.(k) - abs (S(k))). (7)

To compensate for the delay, taking one step forward to esti-
mate the system state is of great importance. The cost function
is designed in /5-norm to provide guaranteed stability [25]. In
this way, the cost function of three-level NPC inverter-fed IM
can be designed as

(it — 120 (k +2))* + (it — i4(k + 2))°
+ A1 (AVP (K 4 2))2 8)

Gpcc =

where A, is the weighting factor for neutral point voltage.

The VV that minimizes the cost function is to be applied at
the next interval.

1) Computational Effort: Tt is convenient for designers to
develop controllers in the light of FCS-MPC. The micro con-
troller unit (MCU), however, needs to evaluate all the possi-
bilities online, which is a time demanding work. This problem
surely hinders the development of FCS-MPC, especially, in the
applications of multilevel converters and long-horizon predic-
tion [26], in which an exponential increase in computational
time is expected.

2) Stability Issue: The analysis of stability is still an open
question concerning FCS-MPC. As it is addressed in [27], no
closed-loop form expressions are usually seen in the FCS-MPC
controllers. Even though the infinite horizon provides closed-
loop stability, the horizontal-one situation cannot offer a clear
approach, which complicates the analysis [28]. Sensor noises
and parameter variation result in the malfunction of the con-
troller. In this case, the suboptimal vector instead of the optimal
one might be chosen.

B. Passivity-Based Control

The designing of the passivity-based controller is involved
in two steps, i.e., power shaping and damping injection. Many
systems, which do not contain energy sources, can be described
by the Euler—Lagrange (EL) equation [23].

With system state  and input u, EL equation is written as

Mz + Jx+Re =u 9)
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TABLE III
SIMILARITIES AND DIFFERENCES OF PBC AND PCC

PBC PCC

Euler-Lagrange Function

Similarities Rotor Flux Orientation
Stability Focused Performance Focused
. Global Information Local Information
Differences

Power Shaping &
Damping Injection

Trajectory Tracking &
Exhaustive Search

where M is a positive definite matrix, J is an interconnection
matrix that satisfies 7 = — 77, and R is a damping matrix.

Assigning the state = = [i; %, w,,]T and input u =
[vs — vy s Ty)T, we rewrite the IM model

ETT . 1
u = diag(Oq, WTJ27 O3) = + diag(R, 12, 7127 BI,)x
J R
. T" .
+ dlag(oLsIg, TIQ, JIQ) xr
M
(10)
where O3 is a two-by-two zero matrix. The back electromo-
tive force v, = —k, (I3 — weJ2)1p, is considered constant
during a sampling period.
Designating error . = «* — x yields

To ensure the asymptotic convergence character, damping
network R;x. is added on both sides of (11)

Mz, + (T +Ra)xe = —u+ Mz* + (T + R)z" + Rize
(12)
where Ry = R + R;.
When the system is stable, the left-hand side of (12) converges
to zero, which leads to

u=Mz*+ (J +R)z" + Rz, (13)
Thus, the optimal VV of PBC can be obtained by solving (13).

IV. PASSIVITY-BASED MODEL PREDICTIVE CONTROL

Similar equations, though, these two schemes originate from
different theories and focus on different aspects of control. FCS-
MPC concentrates on the performance of reference tracking and
PBC prefers the stability of the system. To alleviate the problem
of computational burden and enhance its stability, a PB-MPC
algorithm is proposed by injecting the concepts of PBC into the
designing of the FCS-MPC method.

A. Fundamentals of PB-MPC

As we can see from Table III, FCS-MPC and PBC are both
formulated based on the EL equation and many characters are
complementary. To verify the feasibility, the basic structures of
both schemes are reviewed.

For PBC, the optimal voltage which is calculated using speed
reference and measured current with the virtual model is fed

1987

to space vector modulation (SVM). The virtual model of IM is
organized by power shaping and damping injection. Because the
SVM can produce most of the vectors within the hexagon plane
in one sampling period, the voltage calculated by PBC is named
as unconstrained voltage v" in this article.

For MPC, the next state of each VV is predicted with the actual
model of IM. The VV that makes predictive variables approach
their references in Euclidean distance is applied to the converter
directly in an entire sampling period.

The proposed scheme is established on the assumption that
the virtual circuit of PBC fits the prediction procedure of MPC.
Based on that, the section is determined online according to v
calculated, in which the admissible VVs are compared with vi".
The expected performance is that the stability of the MPC is

enhanced and the computational burden is reduced.

B. Proposed PB-MPC

Divide (13) into three parts, i.e., the current equation with
electromotive force input, the flux equation with magnetomotive
force input, and the speed equation with load torque input.
With the damping resistance R; in network RR;, the electrical
subsystem is described as

v (k) = Ry (k) + oL (k) + vy (k)

+ R (i’;(k) - %S(k)) (14)
where 3% (k) = (5% (k 4+ 1) — i%(k)) /T

Replacing the current term 4%, — ¢¥ in (8) with voltage form
V"¢ — v?, the cost function is modified as

gpb = (Vs — via(k +2))* + (v5F — vis(k +2))*

+A2(AVP(k +2))%. (15)
Note that the weighting factors for neutral point potential A,
and Ao are different with cost function.

The candidate region R, is selected according to the section
in which v lies. In [16] and [17], the triangle candidate region
(TCR) and hexagon candidate region (HCR) are introduced. The
region is redrawn in Fig. 3 simply, where the blue area indicates
the search region R, and arrow presents v"°. The VVs within
R, are to be compared with ¥4 in the cost function. The one
that minimizes (15) is the optimal vector v?" to be applied.

The overall diagram can be referred to in Fig. 2 and detailed
PB-MPC law is shown in Algorithm 1.

Note that, due to the limitation of one vector per sampling, the
FCS-MPC controller cannot generate v within one sampling
period. Considering the unavoidable quantization error v, v
is expressed as

v (k) = v (k) + vi(k) (16)
which is related to the current in the next step 2, (k + 1) through
the actual system model (5).

Even though " guarantees stability, the existence of v still

S
poses a threat to the controller.



1988 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021
h KA ARG C N R el
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PI = > Tea H#’T d 7:; anc T Y R o] ¢Rc - vopt _
ler | q o vy Calculation | vg o 9vb Minimization| Vs 4 &%
'Y Equ. (14) Equ. (15) 1t )
. b ) .
1, Estimation|_ is ab la
Equ. (6) L
Algorithm I of
Wi M
Fig. 2. Overall structure of the proposed PB-MPC.
TABLE IV
QUALITATIVE EVALUATION OF EFFICIENCY OF FCS-MPC AND PB-MPC
Items FCS-MPC  PB-MPC
Delay Compensation 1 1
b Reference Current Calculation 1 1
(@ (b) © Unconstrained Voltage Calculation 0 1
Section Selection 0 1
Fig.3. Candidate regions (only one zero vector is concerned). (a) Plane of 25 Iteration 25 8 or 10

vectors. (b) TCR of 8 vectors. (¢) HCR of 10 vectors.

Algorithm 1: Passivity-Based Model Predictive Control.

Initialization: cost = co
function v" = PB-MPCi?, i, wp,

12;,. Estimation > See (6)
"¢ Calculation > See (14)
R, Selection based on v}"°

for each v € R. do

AV Calculation > See (7)
gpy Minimization > See (15)

if g,;, < cost then
cost = gpp

v =P
end if

end for

end function
Update: v

S

V. STABILITY AND EFFICIENCY ANALYSIS

In this section, the stability of the proposed PB-MPC is proved
by Lyapunov function and the efficiency can be verified in a
qualitative manner, which is further tested by simulation and
experimental results.

A. Efficiency

From Algorithm 1, it is known that the PB-MPCs add the
segments of unconstrained voltage vi"° calculation and section
R. determination which charge the MCU additional resources.
However, only 8 or 10 iterations are required for TCR and
HCR each time, respectively, while FCS-MPC scrutinizes 25
possibilities.

Table IV shows a qualitative evaluation of the efficiency
of FCS-MPC and PB-MPC by comparing the times that each

item requires to precede. Extracting the current prediction from
exhaustive search and converting it to the calculation of uncon-
strained voltage, the computational burden of PB-MPC is less
than the FCS-MPC.

B. Stability

Because the exhaust searching is used to track reference, no
explicit transfer function can be found for the control loop of
FCS-MPC schemes. Thus, methods based on zero-pole analysis
are hard to implement. The Lyapunov function does not need the
transfer function to prove the stability of a system that is used
in the stability analysis of FCS-MPC.

A positive definite Lyapunov function is designed as

1 o . 2
L= 5l i (k)3 an

As the function indicates, this Lyapunov function is related to
the Euclidean distance between the desired and actual current.

The derivative of the Lyapunov function is

L=—i,(k)" - (i = i5(k)). (18)
With the model of IM, (18) can be modified as
opt(1y . B T
L — (vsp (k) Rﬂzs(k) vb(k)) . (7'1( o 'I,g(k)) ) (19)

oL,
Substituting (14) and (16) into (19), we obtain
(R + Ro) (i —is (k) + v3(k) "
oL

(k)T - (35 — s (k)

—1

L= - JCREAD)N

For an IM whose maximum frequency is 50 Hz, zz can be
taken as zero during a sampling window.
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Fig. 4.
with HCR.

To ensure global asymptotic stability, the minimum damping
resistance I?; min is chosen according to the following inequality:

(Ro + Ra)[[d5 — ds ()| -0 > [0 - @1

Note that a damping factor too large will result in chattering
1.6R; min |-
The minimum distance ||¢; — ¢5(k)||—o can be obtained by
3% — 45 (k)| - ~ 5%, where £ is the current ripple. And from
the point of view of geometry aspect, as shown in Fig. 3, [|[v ||

problems; thus, the suggested range is {Rimim

reaches its maximum values which are 29—\/5 Ve and %Vdc for TCR
and HCR, respectively, when v locates at the center of each
region. This value explains the different performances between
computational efficiency MPC (CE-MPC) with TCR and that
with HCR in [17].

Although the damping resistance complicates the control
scheme, the algorithm does show the potential of further inves-
tigation because of the merits of better performance, stronger
robustness, and less computational effort.

VI. SIMULATION AND EXPERIMENTAL RESULTS

The control performance of PB-MPC is verified by simulation
and experimental results based on three-level NPC converter-
fed IM. Because of the ideal environment of simulation, the
efficiency is not to be discussed in simulation.

The sampling time in both the simulation and the experiment
is 50 ps for all algorithms. System parameters in A connection
are shown in Table II.

For a fair comparison, the weighting factor for FCS-MPC and
PB-MPC is selected in trial and error manner to achieve similar
neutral point potential performance and all algorithms share the
same PI controller in the speed loop.

A. Simulation Results

The comparison of FCS-MPC, CE-MPC, and PB-MPC both
with HCR is carried out by MATLAB/Simulink toolbox.

1.80 0.3 0.6 0.9 12 1.5 1.8

0.9 1.2 1.5
Time [s] Time |s]
(b) (©)

Simulation results: Performance at 1445 r/min and 26 N-m with noise injected to feedback signals. (a) FCS-MPC. (b) CE-MPC with HCR. (c) PB-MPC

3.8 8
36}
176
34t S
:Q’: 72 o,
g2t 2
168
5L
°
28 . L . . . . 6.4
50 100 150 200 250 300 350 400

Damping Resistance [Q]

Fig.5. Simulation results: THD and SDP. Dots present simulation results and
the lines indicate the trend provided by curve fitting.

>

« DSP + FPGA ~
i Control Boar m
i s (307
|
"% .

< Power Modual

CRALRLLE =

(b

Fig.6. Experimental setup. (a) 4-kW induction motor and inverter. (b) Control
and power circuits.

The first simulation is built to verify the performance in the
environment with measuring noise.

The damping resistance in this simulation is 180 €2. To sim-
ulate the disturbance in measuring, a set of white Gaussian
noise, whose energy is 17 dBm, is injected to the measured
ac currents, and dc voltage signals is fed to the controllers. The
curves are plotted in Fig. 4. Unlike the CE-MPC for PMSG
whose performance is deteriorated in the trade of efficiency, the
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Fig.7.  Experimental results: Steady-state performance at 1445 r/min and 26 N-m with medium precision current and voltage sensor (imag,1 denotes the magnitude

of fundamental wave). (a) FCS-MPC. (b) PB-MPC with TCR. (c) PB-MPC with HCR.

CE-MPC and FCS-MPC for IM have similar performance both
in loaded and unloaded. And PB-MPC has a slight improvement
in the current, whose THDs are 6.72% and 2.93% in no-load and
full-load, respectively. The torque response is also improved
and results in a speed drop of 105 r/min; in the meantime, the
FCS-MPC and CE-MPC have over 120 r/min fall in speed. The
response is mainly the result of damping injection which enables
faster convergence by modifying the dissipation function of the
system [24].

The next simulation aims to provide an intuitive view of the
influence of damping resistance exerted on the current quality
and speed response. Fig. 5 shows the analysis of PB-MPC with
HCR at rated speed and torque.

The speed drop wy is defined as the difference between the
rated speed and the peak speed at full torque step, and the speed
drop percentage (SDP) is calculated by 1z55¢— - 100% which
is depicted in red. Both blue and red lines are obtained by
curve fitting. It can be seen that both curves present U-shape
to some degree, whose minimum value is achieved at 150-(2
damping resistance simultaneously. When the damping smaller
than 100 €2 is implemented, the system is not stable, and the THD
and SDP increase drastically with the decreasing of injection
resistance. The SDP rises more quickly than the THD and
converges to 7.6% which is similar to the SDP of FCS-MPC,
while the THD is growing at a certain rate.

B. Experimental Results

The MCU in the test bench is a digital signal processor (DSP)
TMS320F28335 with the system clock of 150 MHz. Fig. 6 shows
the experimental setup.

Current, voltage, and speed measured by the high precision
sensor, torque, and flux plotted in this section are estimated
values using the real model of IM with measured signals.

Signals captured by oscilloscope are transferred to MATLAB
for plotting and further analysis.

On experiments, the efficiency of PB-MPCs with TCR and
HCR whose damping resistance is 200 2, are compared with
those of CE-MPC, and the performance of the proposed scheme
is compared with FCS-MPC due to the performance deteriora-
tion of the CE-MPC.

1) Performance at Disturbances: The performances of
steady state at 1445 r/min and 26 N-m with medium precision
sensors are demonstrated in Fig. 7, in which the amplitude of the
currents is the rated value of 12 A. From the torque and current,
we know that the performance of PB-MPC with HCR is also
better than FCS-MPC, which confirms the results obtained in
simulation. The PB-MPC with TCR whose THD is 4.28% and
variance of torque is 0.99 outperforms the HCR at this set of
injecting resistors.

Figs. 8 and 9 show current performance with high precision
sensors at 1445 r/min and 13 N-m.

From the current and its THD in Fig. 9, we know that the
performance of the proposed algorithm is not sacrificed in the
ideal environment. Note that there still exist noises even when
the high precision transducer is used.

To simulate the increasing rotor resistance in the actual motor,
rotor resistance defined in DSP Rr decreases as

R, = (1—0.3t) R,. (22)

The robustness test results are shown in Fig. 8, where the
estimated torque and flux are not shown due to the mismatched
parameter and only the measured variables are depicted.

As we can see from the current and speed, when Rr deviates
from its nominal value R,, the amplitude of the currents grows
from 7.4 to 11.5 A gradually to meet the requirements of the
soaring resistance in the virtual machine defined by the mis-
matched parameter. The frequencies decrease with the speed
after the amplitudes of current stop changing. The FCS-MPC
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Fig. 9. Experimental results: Steady state with high precision transducer at

1445 r/min and 13 N-m. From top to bottom: FCS-MPC, PB-MPC with TCR,
and PB-MPC with HCR.
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Fig. 10. Experimental results. THD and critical value in percentage of R,.
Solid dots present experimental results and the lines with empty dots indicate
the trend provided by curve fitting. (Square and diamond dots denote PB-MPC
with TCR and HCR, respectively.)

whose critical value is 44.17% of R, suffers more from the
deviated resistance, and PB-MPC with HCR which obtains
stronger ability against parameter variation maintains the speed
until R, touches 39.34% R,

The trend with damping resistance is drawn in Fig. 10. The
same damping factor results in much the same THD for PB-MPC
with TCR and HCR.

From the critical value, we find that the robustness of PB-MPC
with HCR whose critical value is lower is stronger than the TCR.

Experimental results: Robust test with high precision transducer and mismatched rotor resistance R, at 1445 r/min and 13 N-m. (a) FCS-MPC.
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Fig. 11.  Experimental results: Load torque response of 26 N-m at 1445 r/min.
(a) FCS-MPC. (b) PB-MPC with HCR.

Due to the limitation of the frequency converter, the ideal
torque step cannot be repeated in experiments. Different from the
step torque response in the simulation, the load torque response
in the experiment requires more time to converge, which is given
in Fig. 11. But the advantage of convergence time is preserved,
as we can see from the curves of speed, the FCS-MPC requires
1 s to converge to 1445 r/min and PB-MPC needs 0.8 s when
the neutral point voltage keeps the same.

Fig. 12 demonstrates the speed reversion performance from
1445 to 1445 r/min without load. The speed reference reverts
at 0.3 s and the torque changes quickly to meet the needs of
fast speed reversion. The flux in the o frame acts fast and
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Fig. 12. Experimental results: Speed reversion from 1445 to 1445 r/min
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scheme.

smoothly as well. It takes 0.34 s to complete speed reversion
without overshoot.

2) Efficiency: A bar chart is depicted in Fig. 13 according
to the time consumed to indicate the time consumed by each
item and algorithm. The demands from delay compensation are
the same for all algorithms. The FCS-MPC spends most time
searching for the optimal vector among the candidate plane
of 25 VVs. Two additional stages, i.e., sector selection and
unconstrained voltage calculation, which take about 1.5 us are
required, though, the overall time elapsed is reduced because the
candidate set is refined according to v4"°.

The total execution times are 21.06, 10.39, and 11.34 us
for FCS-MPC, PB-MPC with TCR, and PB-MPC with HCR,
respectively. We can conclude from the results that the PB-MPCs
with TCR and HCR reduce the computational effort by 50.68%
and 46.15%, respectively, which are the same as the CE-MPC.

Triangular candidate set exceeds the hexagon candidate set
when it comes to the computational burden, thanks to its fewer
candidates of eight V'Vs.

VII. CONCLUSION

Aiming at alleviating the influence of sensor noises and pa-
rameter variation exerted on the FCS-MPC and reducing the
computation burden, a PB-MPC is proposed in this article. By
introducing the concept of PBC into the predictive controller, the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

performance and stability of the system are guaranteed, thanks
to the virtual model deduced by power shaping and damping
injection. The unconstrained VV calculated by PBC is used to
locate the section where the optimal VV lies.

The stability of the proposed scheme can be verified by the
Lyapunov function. Both simulation and experimental results
in three-level NPC converter-fed IM confirm the ability against
the disturbances from the environment and the reduction of the
calculation period. The steady-state performance is improved
because of the attenuation of the impacts caused by the noises
and the mismatched parameters. And the computational burden
is also reduced, which enables shorter sampling time or other
sophisticated schemes implemented in real-time processors.
Future work will focus on the PB-MPC scheme in electrolytic
capacitor-less drive systems.
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