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Abstract—In model predictive control, mathematical model of
the system is used to predict the value of state variables. Control
performances of model predictive control suffer from parameter
mismatches and model uncertainties. Steady-state errors will ex-
ist due to inaccurate predictions. This article presents a simple
predictive current control strategy for robustness improvement of
finite control set-model predictive control, with which steady-state
errors under parameter mismatches can be eliminated. Neither
disturbance observer nor explicit solution of compensation voltage
is needed in the proposed control strategy. A cost function is
newly designed, which is in proportional-integral form. Moreover,
the integral action is only activated in a predefined range, which
facilitates the design of the integral coefficients. The accumulated
error is not simply included but weighted with the sampling time.
In this way, a careful selection of the number of integral terms to be
included in the cost function is not required. Experimental results
demonstrate superior robustness of the proposed current control
strategy to that of conventional predictive current control against
parameter uncertainties.

Index Terms—Finite control set-model predictive control (FCS-
MPC), parameter mismatch, permanent-magnet synchronous
motor (PMSM), robustness.

I. INTRODUCTION

ECENTLY, model predictive control (MPC), which can be
R separated into continuous control set-MPC (CCS-MPC)
and finite control set-MPC (FCS-MPC), has been increasingly
investigated for the control of electrical drives and power elec-
tronics due to its intuitive principle, fast transient performance,
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straightforward control of multiple variables while considering
nonlinearities and constraints of the system [1]-[3].

The applications of FCS-MPC on electrical drives take advan-
tages of the discrete nature of power converters. State variables
are predicted with the discrete system model for finite number
of switching vectors. The switching vector which minimizes
the cost function is applied to the power converter. Applica-
tions of FCS-MPC to electrical drives range from conventional
three phase motor drives to multiphase motor drives [4]-[12].
FCS-MPC can be mainly classified into the following groups:
Predictive current control (FCS-PCC) [4], [9], [10], predictive
torque control (FCS-PTC) [5]-[8], predictive speed control
(FCS-PSC) [11], [12].

Itis desirable that the model used for the prediction is accurate
enough. However, parameter mismatches and model uncertain-
ties commonly exist in practice. The control performances are
deteriorated under such unideal situations. The challenges of
parameter mismatches and model uncertainties to MPC have
gained increasing attention from the academic society. Recent
works on the improvement of robustness for MPC are mostly
implemented with disturbance observers [13]-[17]. In [13],
disturbance observer (DOB)-based predictive torque control of
induction motor has been proposed. In the speed loop, load
DOB has been used to estimate the lumped disturbance, with
which faster torque reference can be generated. In the inner
loop, stator flux and torque observers are used. The system
presents an improved robustness against the mechanical and
electrical parameter uncertainties. In [14], DOB has been used
to compensate the disturbance in the speed loop. Simplified
stator flux observer is designed and stator resistance is esti-
mated. In [15], incremental prediction model has been used
to eliminate the effect of inaccurate rotor flux linkage. An
inductance DOB has been used and the inductance is updated
online. In [16] and [17], sliding mode observers are introduced
to improve the robustness of the predictive current controller
based on Dead-Beat (DB) concept. Disturbances are observed
by the sliding mode observer. The estimated disturbances act
as feed forward compensation voltage. The voltages applied
to the inverters should be explicitly known in the DB-based
MPC. It should be acknowledged that the sensitivity of MPC
to mismatched models is decreased through the introduction
of DOBs. However, the implementation of observers results
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in higher computation burden and a more complicated control
strategy.

Alternative solutions to improve the robustness of MPC with-
out DOBs have been proposed in [18]—[23]. In [18] and [19],
prediction error in the last sampling period has been used to im-
prove the accuracy of the prediction. In [19], predictive current
control is proposed, while predictive torque control has been
proposed in [18]. Satisfactory results in terms of current/torque
ripple reduction due to inductance mismatches are achieved.
However, the influence of the mismatch in rotor flux linkage
has not investigated with prediction error correction method.
In [20], control-Lyapunov function (CLF)-based FCS-MPC con-
trol has been proposed. The stability of the proposed method
is guaranteed through the selection of switching vectors which
yield positive feedback gains. Adaptive compensation terms
are estimated with the adaptive control law in integral form,
which is used to compensate model uncertainties. It would be
attractive that integral components could be incorporated into
the cost function as an alternative to the design of adaptive
law. It should be noted that integral term has been already
included in publications [21]-[23]. In [21], FCS-MPC with
integral action has been applied to a simple H-Bridge power
converter to reduce the average steady-state error (SSE). The
cost function is modified with the accumulated errors. Limited
number of previous integral terms are included in the cost
function in the implementation. In [22], explicit MPC (EMPC)
with augmented model which considers the integral errors has
been proposed for the control of induction motor fed by 3-level
neutral point inverter. Offset-free steady-state performance at
low switching frequency can be achieved. In [23], explicit
model PCC with integral error feedback for doubly-fed induc-
tion generators has been proposed with an extended model.
Analytical solution has been derived. Steady-state accuracy can
be assured.

This article proposes a robust FCS-PCC strategy with a
cost function in proportional-integral (PI) form for permanent-
magnet synchronous motor (PMSM) drives, which is very sim-
ple and practical to implement. The accumulated errors are
weighted with the sampling time and the integral action is
activated in a predefined range. In this way, the design of the
integral coefficients is facilitated. The main advantages of the
proposed strategy can be listed as follows.

1) The proposed control strategy has the same control struc-
ture as the conventional PCC does. The only change is the
modification of the conventional cost function. A new cost
function in PI form is proposed to replace the conventional
cost function.

2) Neither parameter identification nor DOB is introduced.
SSEs due to inaccurate prediction under parameter mis-
matches are compensated by the integral term in the cost
function.

3) No explicit solution needs to be derived compared to
EMPC strategies. This article focuses on robust FCS-PCC
without explicit solution, which is different from EMPC.
In EMPC based on multiple-objective optimization, the
compensation voltage provided by the integral term should
be explicitly calculated.
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This article is organized as follows. First, the model of PMSM
considering parameter mismatches and model uncertainties is
introduced. The nominal model for state variable prediction
is given in discrete form. Second, the effects of parameter
mismatches and possible improvement of the prediction by using
prediction errors in the last sampling period is analyzed. Then,
the proposed control strategy is given and its implementation
is described in detail. Finally, the robustness of the proposed
control strategy is validated through experiments.

II. SYSTEM DESCRIPTION AND CONVENTIONAL PCC

In this section, mathematical model of 3-phase PMSM con-
sidering parameter mismatches and model uncertainties is de-
rived and the basic principle of FCS-PCC for PMSM is briefly
introduced.

A. Model of PMSM

The system dynamics of 3-phase PMSM considering param-
eter mismatches and model uncertainties in the synchronous
rotating frame can be expressed as follows:

d

%qu =Ady, +B. Uy +D.+ F, (D)
where
[ua(t) ia(t)
Uy, = gy =
“ _uqu)] “ L@(t)
[ R. we(t)Ly 1 9
A — L4 La B — | T
c — . We (t)Ld _& ) (& 0 i
L q q Lq
0 fa(t)
Dc = we(t)y aFc = f (t)
I Ly q

iq and 7, are the d-axis and g-axis stator currents, respectively.
uq and u, are the stator input voltages on the d-axis and g-axis,
respectively. w, is the electrical angular speed of the rotor. L and
L, denote the nominal stator inductance on the d-axis and g-axis,
respectively. 1 is the magnitude of the rotor flux linkage, R,
is the nominal stator resistance. fq and f, represent the lumped
model uncertainties on the d-axis and g-axis, respectively, which
are not explicitly given since the proposed control strategy
considers them as lumped disturbances.

The discretization of (1) with a sampling period of T by using
the one-step forward-Euler method yields

qu(k‘ +1)= Ad(k)qu(k?) + Bd(k>qu(k‘)

+ Da(k) + Fa(k) )
where
uq(k ik
sin- a2
[{ _ R.T. Towe(k)Lq
Aq(k) = _Tswf((;c)Ld 1 _LI;STL
L Lq L,
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B. Finite Control Set-PCC

Finite Control Set-PCC (FCS-PCC) for inverter-fed PMSM
uses finite number of switching vectors to predict future value
of stator currents with the model of PMSM. A cost function
which defines the current tracking errors is designed for the
implementation of the FCS-PCC. The cost function is evaluated
for each of the admissible switching vectors and the switching
vector which minimizes the cost function is applied to the
inverter. The block diagram of FCS-PCC of PMSM is shown
in Fig. 1.

Generally, f; and f, are neglected in conventional FCS-PCC.
Otherwise, they should be estimated or compensated using
DOBs or disturbance rejection methods. For each of the ad-
missible candidate voltage vector U 4q,qdm:(k), one-step ahead
prediction of the currents using the discrete nominal model of
the motor yields

Izq(k +1) = Ag(k)Lig(k) + Ba(k)Uaqadmi(k) + Da(k)
3
where
ih(k+1)
ifl’(k +1)

The PMSM in this research is fed by 2-Level inverter (see
Fig. 2), which means 8 admissible voltage vectors are possible

qu7admi(k> =PCG (4’)

|

s (95)1 ,G = [ga 9o gbr

I, (k+1) =

=

e}
S
w‘% N

—sin (6,)

| cos(be)
P= [ cos (0,)
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Fig. 2. 2-L voltage-source inverter.

G represents the gate signals for the inverter
G € T'g :={000,001,...,110,111}.

U is the DC-link voltage and 6, is the electrical angle of rotor.

For conventional PCC with one-step ahead prediction, the
control objective is that the current tracking errors in the next
sampling point become as small as possible. With this control
goal, the cost function in the conventional PCC is designed as
follows:

J = (eh(k+1))* + (el (k + 1)) 5)
where

eh(k +1) = iy — ih(k + 1)
ek +1) = is — bk +1).

Since parameter mismatches and model uncertainties are not
considered in the prediction model (3), prediction offset in the
sampling interval [(k — 1) kTy) is defined as the difference
between the predicted currents I, q(k) and actual sampled cur-
rents Iy, (k)

AL (k=1) =Taq(k) =T (k) = Fa(k — 1) (6)

where Fy(k — 1) = [fa(k — 1)  f,(k — 1)]*.
A small enough sampling time 7’5 yields

AL (k—1) = A” (k). %

Obviously, the neglect of the unknown disturbances results in
errors in the prediction, which will influence the selection of the
optimal switching vector. SSEs will be more or less observed
and the system may be unstable.

Remark 1: For PCC without constraints, the optimal solu-
tion of applied voltage is selected that the currents at the next
sampling point (k + 1) are equal to the reference currents at
the sampling instant %, i.e., Ij,(k + 1) = Ifiq(k). An optimal
applied voltage can be calculated with the parameters used in
the prediction model

iq(k) = La(Tg, (k) = Aa(k)Iag(k) = Da(k)) 8
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where
[La 1 - R Towe (k)L
N o Ts N o Ld Ld
L= o L AdR) = i, A
L T, L, i,
. 0
Da(k) = | nwemiy

= q

RS, ﬁd, ﬁq, and @E + are the actually known value of the stator
resistance, d—axis inductance, g—axis inductance, rotor flux
linkage, respectively. By substituting (8) into (2) and assuming
a small enough sampling time, the closed-loop relationship
transfer function can be obtained with the z transformation

L
Id(Z) _ des _ (9)
L(z)  z-14 L

L,
LGt o
Ij;(z) z—1+ LL(“

where Lg, and Ly, represent the real value of the d—axis and
g—axis inductance, respectively.

A discrete-control system is stable if all the eigenvalues are
within the unit cycle. If no motor parameter-mismatches exist,
the eigenvalues of the closed-loop system (9) and (10) are 0,
which means the system is stable. However, in case of inductance
error, the eigenvalues of the closed-loop system may be outside
the unit cycle. FCS-PCC is a kind of predictive control with con-
trol constraints, where only finite number of switching states are
feasible. The control of the currents in FCS-PCC is equivalent
to the tracking of the optimal voltage [24]. The actual transfer
function of the system deviates from (9) and (10) to some extent
due to control constraints. Nonetheless, the pole placement of
the system is parameter dependent, which means the stability of
the control system is affected by parameter-mismatches.

To improve the accuracy of the prediction, Fy(k — 1) is
utilized in [18] and [19] to obtain corrected prediction

I (k+1) =1, (k+1) + KFy(k — 1) (11)

where K is a diagonal gain matrix.
After the correction of prediction, the prediction offset in the
sampling interval [ kT (k + 1)7, | becomes

AL (k) = Fy(k) — KF(k — 1). (12)

Prediction offset in (11) can be reduced through the incorpo-
ration of the correction term KF;(k — 1) with appropriate gain
matrix K. However, prediction offset can not be fully eliminated
with fixed gain matrix K, as can be seen in (12). Moreover, a
fixed gain matrix K is not optimal for all control conditions.

III. PROPOSED CONTROL STRATEGY
A. Motivation

In conventional FCS-PCC, the evaluation of the cost function
only considers the tracking errors between the reference currents
and the predicted currents. As can be seen in (6), conventional
FCS-PCC is highly parameter dependent and the robustness
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is low. To enhance the robustness, past tracking errors can be
integrated into cost function, which means the cost function
should be designed in PI form.

Stator current tracking errors in PI form can be expressed as Sy
and S, which contains the present tracking error plus the integral
of present as well as the past tracking errors are defined as

t
Sa = eq(t) +Kd/ eq(T)dT + e4(0) (13)
0

t
Sq = eq(t) + Kq/o eq(T)dT 4 €4(0) (14)

where e4(t) =iy —ia(t) and ey(t) =iy —i,(t) are the
tracking errors of the stator currents on the d-axis and ¢ -axis,
respectively, K4 and K, are positive gains. When the currents
converge to the reference currents and steady-state is reached,

following equations are valid

Sa=—F=0 (15)
_ dSq _
8y == =0. (16)

To implement FCS-MPC with integral action, Sg and S,
should be updated with the future tracking errors. In this way,
the updated S and S, which includes previous tracking errors
as well as future tracking errors are included in the cost function
to evaluate the control performance of the proposed FCS-PCC.
A cost function designed in PI form can force the future currents
track the reference currents accurately with high robustness.

B. Proposed PCC Strategy

The proposed cost function can be designed in following
steps:

1) Design of Draft Proportional-Integral Terms: In this step,
draft PI terms are designed according to the (13) and (14). The
main design task of this part is to design the gains K; and K,
which only considers the lumped disturbances. The convergence
rates are not considered in this part. K4 and K, can be selected
with relatively small values since they are only designed to
improve the robustness of the proposed control strategy.

Since FCS-PCC is implemented in discrete form, (13) and
(14) are discretized in velocity form

Sd(k') = Sd(k — ].) + (ed(k) — ed(k — ].)) + Kded(k)TS
a17)

eq(k — 1)) + Kyeq(k)Ts.
(18)

Sq(k) = Sg(k —1) + (eq(k) —

2) Incorporate the Draft Proportional-Integral Terms in the
Cost Function: In this step, a cost function is designed by
updating the discrete draft PI terms with the tracking errors

between the predicted currents and reference currents
J = (Sh(k+1))*+ (SP(k+ 1)) (19)

where
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A detailed analysis of the proposed cost function should be
made to understand the robustness of the proposed algorithm.
Since S} is in the same form as SP, only an analysis of S} is
given. The first component of S%(k + 1) is the designed draft
PI term S;(k), which contains the present current tracking error
eq(k) and the integral of the tracking errors to time instant k.
The integral action is essential for the robustness of the system
since the information of lumped disturbances are contained in
previous tracking errors. The inclusion of previous tracking
errors in the cost function penalizes the voltage vector which
can not compensate the previous SSEs. The second and third
terms represent the equivalent tracking error between the ref-
erence current ¢, and the predicted current ¢(k + 1), which
forces the actual current 74 track the reference current as fast as
possible. That is to say, the proposed control strategy inherits
robustness from the integral action while quick response from
the conventional FCS-MPC.

Remark 2: The proportional coefficients for S and ST are
set to 1, while the integral coefficients are designed as K; and
K, respectively. In this way, only the integral coefficients need
to be tuned to meet the control goals, which facilitates the design
of the cost function. FCS-MPC is a kind of control with high
feedback control gains and the proportional coefficients in the
proposed cost function are different from the actual feedback
gains. The main issue which affects the control performance is
the ratio between the proportional coefficients and the integral
coefficients.

Remark 3: (Discussion on the robustness improvement): The
proposed cost function (19) for different switching candidate
states can also be expressed as

k+1

J= |ig—ih(k+1)+ KTy eals)
j=1

k+1
+ iy =ik + 1) + KT eq(h) (20)

j=1

Let f4(k) and f;(k) defined as

falk) =7 — ih(k + 1) Q1)
Falk) = — if(k + 1) (22)

where 75 and ;g are predicted currents on d— and g—axis with
a prediction model which exactly matches the actual system,
respectively.

By substituting (21) and (22) into (20), the cost function can
be expressed as

k+1
J=|ig—ih+ fa(k) + KqTa > ealj)

j=1

k+1

+ [ in =+ Fylk) + KT eq(l) (23)
j=1

Each candidate switching vector results in corresponding values
of fq(k) and f,(k). By designing the integral coefficients in a
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Fig. 3. Control flow of the proposed control strategy.

reasonable way, f;(k) and ﬁ(k) can be used to compensate the
accumulated errors by selecting a candidate switching vector
which minimizes the cost function. In this way, the SSE will
be gradually eliminated in receding-horizon manner. Equation
(23) is used to illustrate how robustness can be improved while
maintaining fast transient performance with the proposed cost
function. _ B B

Inreality, f4(k), fo(k) and i} as well as 7} are unknown since
an exactly matched model of the control system is out of reach.
The cost function is evaluated to select the switching vector not
in an analytical manner. The control performance is achieved
through properly designed weighting factors.

C. Implementation of the Proposed Strategy

In digital applications of FSC-MPC, computational delay
should be considered. Normally, a one-step delay should be
compensated. The implementation of the proposed strategy is
shown in Fig. 3, which can be implemented as follows:

1) Apply the Selected Optimal Voltage of the Past Sam-
pling Period: At time instant k the selected optimal voltage
Udg,opt(k — 1) of the past sampling period | (k — 1)T, kT ]
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TABLE I
PMSM PARAMETERS

Parameter Value
Nominal Stator Resistance [Ohm] 1.65
Nominal Stator Inductance [mH] 11.1
Nominal Rotor Flux Linkage ¢y [Wb]  0.191
Rated line-to-line Voltage U [V] 116
Rated Current I" [A] 4.95
Rated Torque T3 [Nm] 6
Rated Speed Ny, [r/min] 1500
Motor Pole Pairs N, [1] 3
Rotor Inertia J [Kgm?] 8.7e-4

Fig. 4.

Experimental setup.

is applied and the currents in the instant k£ + 1 are predicted

ng(k +1) = Ag(k)Lag(k) + Ba(k)Ugqope(k — 1) + Dg(k).

(24)

The predicted current tracking errors are expressed as
eh(k+1) =14y —h(k+1) (25)
eh(k+1) =i, —if(k+1). (26)

2) Update the Draft Proportional-Integral Terms With the
Predicted Current Tracking Errors: The draft Proportional-
Integral terms (17) and (18) are updated with (25) and (26),
respectively

SU(k+1) = Sa(k) + (el (k +1) — eq(k)) + Kqehi(k +1)T
27

SP(k + 1) = Sy (k) + (€2 (k + 1) — eg(k)) + Kyeb(k + 1)T,.
(28)

To facilitate the design of integral coefficients, the integral
parts in the cost function are activated only in predefined op-
eration range. In this way, the coefficients K, and K, can be
designed as

0,
kg =
kd,seta

k { v
q =
kq,seh

where w;.. r and w,. are the reference value and actual value of the
rotor speed, respectively. kq ser and kg e are set values of Ky
and K, respectively. € represents the boundary of the predefined
operation range in which the integral action activates.

abs((wWref — wy)/Wref) > €
else

abs((wWref — wy)/Wref) > € 29

else
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Remark 4: The integral action is only activated in a seg-
mented manner since it is mainly used to improve the steady-
state performance. With a well designed outer speed loop the
actual speed will approach the defined range &, even in case
of some steady-state current tracking errors. The reason is that
the g—axis current reference is adjusted by the outer-loop speed
controller. As the integral action activates, the actual currents
approach the reference currents eventually.

3) Incorporate the Updated Draft Proportional-Integral
Terms in the Cost Function: First, the currents at instant (k + 2)
are predicted with all the admissible voltages

18 (k +2) = Ag(k)T;, (k + 1) + Da(k)
+ Bd(k)qu,admi(k + 1)

Then, the updated draft PI terms (27) and (28) are incorporated
in the cost function with the predicted current tracking errors

SH(k+2) = 85(k+1)+ (eh(k+2) — e (k+ 1))

(30)

+ Kqeh(k + 2)T, 31)
SP(k+2) = SP(k +1) + (eB(k +2) — eb(k + 1))
+ Kyeb(k +2)T,. 32)

The proposed cost function considering one-step delay can be
expressed as

J = (Sh(k+2))*+ (SP(k+2))> (33)

The cost function (33) is evaluated for each admissible voltage
vector. The voltage vector Uy o, (k) Which minimizes the cost
function is applied to the inverter at the sampling instant & + 1.

Remark 5: In general, the cost function of the proposed
method and the conventional method can be expressed in the
same form (33) with different integral coefficients. For conven-
tional method, K4 = K, = 0.

IV. EXPERIMENTAL RESULTS

In this section, experimental results of the proposed robust
PCC as well as the conventional PCC are presented and com-
pared. A 3-phase surface-mounted PMSM has been used in this
article. Nominal parameters of the motor are collected in Table I.
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Fig. 6.
linkage used in prediction model, g— and d—axis current, respectively.

The test bench is shown in Fig. 4. A dSPACE MicrolabBox is
employed as the controller. The dSPACE controller is connected
to the power board through the interface board. The PMSM
is coupled with a load machine, which is controlled by the
load control unit. The load machine operates at torque mode.
To obtain the steady-state results, the speed of the PMSM is
controlled by outer speed loop with a PI controller, as shown
in Fig. 1. The sampling frequency of the currents is 15 kHz for
all the experimental tests. The DC-link Voltage Uy, is set to
295 V. For the proposed method, coefficients of integral terms
are designed as Ky = K, = 10 in the proposed cost function;
The boundary for the activation of the integral action is set as
¢ = 0.05. For the conventional method, K; = K, = 0.

A. Robustness Evaluation of the Proposed Method and
Conventional Method Against Parameter Mismatches

It should be mentioned that the influence of parameter mis-
matches in resistance is relatively small in PCC [19]. Thus, only
uncertainties in inductance and rotor flux linkage are considered
in following tests.

Comparison of the robustness of conventional PCC and
proposed robust PCC are presented from Figs. 5 to 9. The motor
rotates at 1200 r/min under a load torque of 2.9 Nm. Due to
the existence of the outer speed loop, the mean magnitudes of
the steady-state g—axis currents are the same. However, when
the outer speed loop is removed, these magnitudes are different
between the conventional method and the proposed method in
case of parameter mismatches. In Fig. 5, no parameter mismatch
exists, control performances of both methods are almost the
same.

1) Rotor Flux Linkage Mismatch: When parameter mis-
match occurs in rotor flux linkage, current tracking performance
of the conventional method on g—axis deteriorates heavily.
Obvious SSEs can be observed on g—axis for conventional
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[Experimental results: Robustness against rotor flux linkage mismatch]. (a) Proposed method. (b) Conventional method. From up to down are rotor flux

method, while these tracking errors are eliminated for the
proposed method. In Fig. 6, the value of the rotor flux linkage
in the model is first set to 1& = 0.0955 Wb, steady-state current
tracking errors on g—axis with an average value of 0.4140 A
[10.39% SSE] are obtained with conventional method. Then 1[) I
increases from 0.0955 to 0.382 Wb. For zﬁf =0.382 Wb, average
q—axis current tracking error of —0.8684 A (21.79% SSE) is
observed with the conventional method. With error in rotor flux
linkage, the back-EMF of the motor is inaccurately predicted.
The current tracking errors of the conventional method depend
on the speed of the motor and the error in the rotor flux linkage.

2) Stator Inductance Mismatch: When the value of the
inductance L, used in the prediction model is set to 5.55 mH
(50% error in inductance), phase currents with both methods
are distorted, which can be seen in Fig. 8. However, the phase
currents are less distorted with the proposed method. The THD
of the phase current is reduced from 15.96% for conventional
method to 15.83% for proposed method. Negative current
tracking errors (6.42% SSE) on g—axis can be observed with the
conventional method, while these tracking errors are eliminated
with the proposed method (see Fig. 7). When 100% error in
inductance exists, large current ripples can be seen in both meth-
ods (see Fig. 9). With the proposed method, relatively less phase
current ripples are presented. The THD of the phase current is
24.66% for conventional method and 22.27% for the proposed
method. SSEs with an average value of 0.097 A on d—axis can
be observed in Fig. 7 for the conventional method. Under 100%
error in inductance, the average switching frequency fg, is
significantly lower for both methods in comparison to nominal
case. Take the conventional method for example, average
switching frequency decreases from 4075 Hz under nominal
case to 3017 Hz under 100% error in inductance. The decrease
of the average switching frequency exacerbates the phase
current THD.
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[Experimental results: Robustness against stator inductance mismatch]. (a) Proposed method. (b) Conventional method. From up to down are stator

B. Dynamic Performance Evaluation of the Proposed Method
and Conventional Method in Case of Acceleration and Sudden
Load Change

Dynamic responses of the proposed method and conventional
method are also investigated. Only dynamic performances with-
out parameter uncertainties are given due to page limits. Since
the integral action only activates in predefined range, there is
no need to provide all of the dynamics under various scenarios
of parameter uncertainties. Accelerations of the motor from
standstill to 1500 r/min at zero load torque are shown in Fig. 10.
It can be seen that the proposed method exhibits a character of
fast tracking performance as the conventional method, which
can be explained with (29). The integral action of the proposed
cost function is active only in a predefined range. The proposed
method is the same as the conventional method as long as
the integral action is not activated. The dynamic performance
under sudden rated load torque of both methods is shown in
Fig. 11. It can be seen that both methods have almost the same
transient performance. This can be explained that under sudden
load changes, the proportional part dominates and hence the
dynamic performance is not affected. Prior to the application
of the load torque, the reference currents can be well tracked
with the proposed method and the value of the integral part is
relatively small.

C. Summary

For conventional FCS-PCC, the actual currents deviate
from the reference currents more or less in case of parameter
mismatches, which can be seen from the experimental results.
The reference current of the g—axis is given by the outer speed
loop, which should provide a component to offset the SSE. In
practice, the output of the PI speed controller has a limit value,
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which is commonly used in the design of PI controller. When
the output limit can’t compensate the steady-state tracking
error, the control system will face uncertainty. At full speed
and full loaded, the output limit of the speed controller may not
able compensate the SSE.

Steady-state performances of the conventional method and
proposed method in terms of mean current tracking errors tgme
and %4, phase current THD as well as the average switching
frequency fs,, are summarized in Tables IT and III, respectively.
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[Experimental results: Dynamic performance from standstill to 1500 r/min without parameter mismatch]. (a) Proposed method. (b) Conventional method.
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(36)



LIU et al.: ROBUST PREDICTIVE CURRENT CONTROL OF PMSM WITH NEWLY DESIGNED COST FUNCTION

TABLE II
PERFORMANCE ANALYSIS OF CONVENTIONAL METHOD

Speed: 1200 rpm, Load Torque: 2.9 Nm

Ls[mH]  9¢[Wb]  igmelAl  iamelAl  fswlkHz] THD(iq)[%]
L Py —0.0079 0.0309 4.0750 14.77
0.5L5 Py -0.2557 -0.0257 4.1250 15.96
2L, Py 0.0449 0.0970 3.0167 24.66
L 0.5 0.4140 0.0344 3.9167 15.02
Ls 2y -0.8684 -0.0222 3.8417 15.08
TABLE III
PERFORMANCE ANALYSIS OF PROPOSED METHOD
Speed: 1200 rpm, Load Torque: 2.9 Nm
Ls[mH] 7 [Wb]  igmelA]l  igmelAl  fswlkHz] THD(iq)[%]
Ls Py 0.0008 0.0001 3.9167 14.72
0.5L Py -0.0018 -0.0004 3.8000 15.83
2L, Py 0.0003 0.0001 3.3167 24.27
Ls 0.5 -0.0017 0.0009 3.9667 14.90
L 2y 0.0005 -0.0008 3.9333 14.82

where N is the total sampling instants within the calculation
period, T is the calculation period, Ny, is the number of switch
operations within the calculation period, and () is the number of
inverter switches.

It should be noted that the aim of the proposed method is not
the reduction of current ripples. The incorporation of the integral
terms in the cost function mainly focuses on eliminating the
SSEs. Nonetheless, the current ripples are slightly reduced and
the phase currents are less distorted with the proposed method
in case of inductance uncertainties.

V. CONCLUSION

Inthis article, a simple robust PCC strategy has been proposed.
It has been shown that under parameter mismatches, inaccurate
predictions affect the selection of optimal switching vector.
SSEs can be observed with the conventional method. The main
reason is that the cost function of conventional method only
evaluates the tracking errors between the predicted currents and
reference currents. To ensure the robustness against parameter
mismatches, integral action which contains the information of
parameter uncertainties has been included in the proposed cost
function. The tuning of the integral coefficients in the proposed
cost function is effortless. SSEs can be eliminated with the pro-
posed method under parameter uncertainties while maintaining
fast transient control performance. Moreover, less THD in phase
currents is obtained with the proposed method compared to
the conventional method in case of inductance uncertainties.
Comparative experimental tests have been implemented and the
effectiveness of the proposed robust control strategy has been
validated under mismatched parameters.

APPENDIX

In this part, (9) and (10) are derived.
In the control of electrical drives, the sampling period of
currents is generally very small. For a small enough sampling
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time 7%, it can be assumed that

S o
- “lo 1

By substituting the (8) into the equations of the motor, (2) can
be expressed as

ia(k+1) ia(k) 0
= +
gk + 1)) Ligt] |-t
C[Es o] ([aw) [ 0
L, . . Tewe (k)
0 ] \lam]  liaw] [P
(37)
With the z transformation, (37) in z-domain is obtained as
(z = 1+ £4)1a(2) e 1i(2) a8)
L I PN
-1+ E)L,()| | L)

At this point, the deduce of (9) and (10) is done.
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