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ABSTRACT: The traditional dual-vector model predictive torque control (MPTC) of permanent magnet synchronous motor suffers from
the problems of large control computation, large torque ripple, and prediction deviation due to parameter mismatch. To address these
issues, an enhanced robustness dual-vector MPTC (ERD-MPTC) control strategy is proposed in this paper. First, in order to reduce
the control computation, a fast voltage vector selection table based on a 12-sector voltage vector map is proposed, which reduces the
number of prediction iterations from 14 to only 3. Secondly, to reduce the ripple of torque and flux in one cycle, the cost function without
weight factor is proposed. This cost function includes fluctuations at the moment of the switching point. Then, for the bad effects of
parameter mismatch, the inductance parameter is estimated by using the amount of error variation between the predicted value and the
actual measured value at adjacent moments. So, an ERD-MPTC strategy to enhance the robustness of the prediction model in the presence
of parameter mismatch is proposed by integrating the inductance updating mechanism and expanded state observer. Finally, through the
experiment, it is shown that the proposed strategy can reduce the torque fluctuation, effectively reduce the adverse effects of parameter

changes, and greatly improve the stability of the system.

1. INTRODUCTION

Permanent Magnet Synchronous Motor (PMSM) has the ad-
vantages of small size, simple structure, high control accu-
racy, etc., and is widely used in new energy vehicles, industrial
robots, and other high-performance demand occasions [1,2].
In recent years, in order to achieve high-performance control
of permanent magnet synchronous motors, Finite-Control-Set
Model Predictive Control (FCS-MPC) has become a hot spot
of research with its advantages of fast dynamic response and
easy nonlinear constraint processing [3—5]. According to the
objectives of control, model predictive control is mainly di-
vided into Model Predictive Torque Control (MPTC) [6] and
Model Predictive Current Control (MPCC) [7]. The research
on model predictive control algorithms has focused on steady
state performance improvement, computational reduction, and
parameter robustness enhancement.

Regarding the improvement of steady state performance and
reduction of computation, [8] proposed Duty Cycle MPTC
(DC-MPTC) to address the problem posed by the FCS-MPC
with only a single vector in a cycle. By inserting a zero vec-
tor to regulate the action time of a voltage vector in a control
cycle, the steady state performance of the system is improved.
Reference [9] extends the second voltage vector to an arbitrary
fundamental voltage vector, thus widening the choice of volt-
age vectors and reducing torque ripple to some extent. How-
ever, the optimization process has a large number of iterations,
large computation volume, and high requirements for hardware
equipment. Reference [10] proposed an improved dual-vector
MPTC based on optimized duty cycle, with the proposed volt-
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age vector selection table reducing the number of iterations,
but the subsequent optimization of the vector action time is
more complicated. Later, three-vector MPTC was proposed to
act as three voltage vectors in one control cycle, with the last
one being the zero vector, and [11-13] show the three-vector
MPTC strategy. The three-vector MPTC requires an optimiza-
tion search for the combination of voltage vectors in each sector
within one control cycle, and also an optimization calculation
of the action time of the three voltage vectors, resulting in a
still larger computational amount of this control strategy and
increases the inverter switching frequency.

The cost function is also one of the determinants of the con-
trol performance [14], and the cost function of the traditional
MPTC has weight factors difficult to be rectified, thus increas-
ing the complexity of the algorithm [15, 16]. In addition to this,
the above strategy only focuses on the tracking effect at the
end of the cycle and ignores the volatility at the moment of the
switching point. Reference [17] proposed new hysteresis con-
trollers and divided the voltage vector map into 12 sectors, so as
to effectively reduce the computation. Reference [18] quickly
selects a valid voltage vector and predicts it only once by sec-
torization, and the selected combination of voltage vectors may
not be the optimal combination due to too many excluded volt-
age vectors.

In terms of parameter robustness improvement, [19] intro-
duced an online parameter identification link to continuously
update the prediction model online, improving the control ac-
curacy in case of parameter mismatch. The observer is a good
solution in dealing with parameter mismatch as well as dis-
turbance problems, with more flexible applications and design
approaches than parameter identification. In [20], parameter
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mismatch disturbance, external disturbance, and uncertainty are
used as the total disturbance to design expanded state observer
(ESO), effectively solving the system noise problem caused by
parameter mismatch disturbance. Reference [21] used an in-
cremental form of the model and a disturbance observer that
eliminates the flux parameter and improves the parameter ro-
bustness. Reference [22] is based on the method of disturbance
observation to compensate the parameter errors and internal and
external disturbances by observation. However, the algorithm
designs in [20-22] are all overly complex, placing an increased
burden on the controller and potentially requiring additional
error compensation. In addition, the measured values can be
used to replace the motor parameters in the model predictive
control, which is very helpful to improve the robustness of the
drive control strategy to parameter mismatch. Therefore, many
scholars have also devoted themselves to reducing the use of
motor parameters in the drive control process [23-25]. Refer-
ences [26, 27] realized the method of replacing motor parame-
ters by measured values and showed better control results.

To address the problems, this paper proposes an enhanced
robustness dual-vector MPTC (ERD-MPTC) strategy. Three
candidate dual-vector combinations are quickly selected based
on a fast voltage vector selection table; subsequently, a cost
function in the form of relative error rates of torque and flux
is used to eliminate the weight factor. The fluctuation of the
switching point moment is considered in the cost function, and
an improved dual-vector MPTC (ID-MPTC) is also proposed.
Compared to the traditional dual-vector MPTC, which requires
14 predictions, the improved strategy requires only 3 predic-
tions. It not only reduces the complexity of the control algo-
rithm, but also ensures that the selected vector combination has
small torque and flux ripple throughout the cycle. In addition,
in order to avoid the parameter mismatch from bringing poor
control performance to the motor, a control method to enhance
the robustness by integrating the inductance updating mecha-
nism and the expanded state disturbance observer is proposed
to improve the robustness of the predictive model parameters
during parameter mismatch based on the ID-MPTC. Finally,
the control strategy proposed is experimentally proved to be
effective.

2. MATHEMATICAL MODEL OF PMSM

In this paper, surface PMSM (SPMSM) is the object of re-
search. The core saturation in the motor is neglected, and the
eddy current and hysteresis losses in the motor are not taken
into account. The stator voltage equation and flux equation of
the PMSM in the synchronous rotating coordinate system (dq)
are expressed as follows [28]:

ug = Rig + d(}/% — weLyig )
Ug = Riq + d;/;tq + weLgiyg + wed)f

g = Laiq + 1y @)
¢q = Lqiq

In the dg coordinate system, the mathematical model of
PMSM achieves decoupling, and the electromagnetic torque
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equation can be expressed as:

3 3
Te:Ti¢s®¢f:§pniq[id(Ld_Lq)+¢f] (€)

where u4, u, are the dg-axis components of the stator voltage;
14, 14 are the dg-axis components of the stator current; ¥4, 14
are the dg-axis components of the stator flux; 1 ¢ is the perma-
nent magnet flux; w, is the rotor electrical angular velocity; R
is the stator resistance; P, is the number of pole pairs of the
PMSM; and the dg-axis inductances of the SPMSM are equal,
i.e., Ly = Lq = L,. Then Equation (3) can be rewritten as:

3 .
T. = S putbriy @
In order to obtain the predicted values of torque and stator
flux, a first-order expansion of Eq. (1) in terms of Taylor series
can transform the continuous model into a discrete prediction
model, then

e+l _ R, K ko Ts .k
iy —(1——Ts)zd+TSwezq+L—zud

L
it = (kiij T) if 4 Toweil; — £= Yywe+ 1= uf ®
VSH ] N I ] ©
Phtt 0 Ly || ikt 0
W = ) 0
TEL = gpn%ilgﬂ ®

in Egs. (5)~(8), ¥ means the value of the physical variable x at
the current £ moments; 2* ! means the predicted value of the
physical variable z at the k + 1 moments; and 7 is the discrete
period.

A three-phase two-level voltage-type converter can generate
eight fundamental voltage vectors, where six are active vectors,
and the other two are zero vectors, by control of the on and off
switching of the upper and lower bridge arm switching tubes.

2 o g
W= = Vae (Sa+ Sy % +5.%) ©)
where u; (j = 0 ~ 7) denotes the fundamental voltage vector;
uy and uy are two zero vectors; V. is the bus voltage on the
DC side; S,, Sp, S. are the switching states of the upper and
lower bridge arms of the three-phase inverter.

3. TRADITIONAL DUAL-VECTOR MPTC

The traditional dual-vector MPTC is an improvement on the
duty cycle control strategy. From the original second voltage
vector can only be zero vector; it is extended to the candidate
vectors for the second voltage vector are seven voltage vectors.

The basic control strategy of the traditional dual-vector
MPTC is as follows: Step 1, conduct the first round of selec-
tion using the cost function to screen out the first optimal vector
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Ugpi1. Step 2, preassign the action time between ugy; and the
seven basic voltage vectors in one cycle based on deadbeat
torque control principle. Then seven dual-vector combinations
can be obtained. Step 3, substitute the predicted values of the
seven dual-vector combinations into the cost function for the
second round of selection, so that the dual-vector combination
with the smallest value of the cost function is the optimal
combination.

The traditional dual-vector MPTC performs two rounds of
screening prediction in one control cycle with a total of 14
prediction iterations. In step 1 above, each of the seven volt-
age vectors needs to be substituted into the prediction equa-
tions (5)~(7) to obtain seven sets of torque and flux chain pre-
diction values, which are then substituted into the cost function
equation (16) for screening. A total of 7 predictions are required
to complete this round of predictive control. The dual-vector
MPTC needs to act on two voltage vectors in one control cy-
cle, then it is necessary to allocate the time for the two voltage
vectors to act in one cycle. Step 2 is the allocation of the ac-
tion time when up is combined with each of the seven voltage
vectors under torque deadbeat control. Step 3 is using the seven
dual-vector combinations obtained in Step 2 for prediction and
then substituting them into the cost function selection, similar
to Step 1. To complete this round of predictive control, it is also
necessary to make 7 predictions. The algorithm requires a total
of 14 predictions for the two rounds of screening, resulting in a
large control computation.

3.1. Traditional Dual-Vector Combination Selection and Action
Time Allocation

Assume that the elected first voltage vector is uyi, and the
action time is ¢op . Using the deadbeat torque control principle
to distribute the action time, so that the torque value at the end
of the next moment is equal to the given value, i.e., T* = TF+1.
Then

Tf-i—l = Te* = Tek + Soptltoptl + Sj (Ts - toptl) (10)

where Sop1 and S (7 = 0 ~ 7) are the torque slopes of the first
and second voltage vectors, respectively.

dT,

Soptl = -
dt Us=Uopt]
1 3 3

= 1. {—RsTf—2an§¢f¢§+2pn¢fusopu} (11)
dT,
S; = =
J dt |, _,

1

3 3
{—RsTek - ipnwfwfwfi + 2Pn¢f“§4j} (12)

L,
in Egs. (11) and (12), uq opt1 and ug ; (j = 0 ~ 7) denote the
g-axis components of the first and second voltage vectors; the
dg-axis component of the zero vector is 0.

According to Eq. (13), the action time ¢, of the first voltage
vector can be obtained, and then the action time of the second
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voltage vector is T-topi1 -

T: — Tk — T8,
topt = ——o—" 13
optl Soptl — Sj ( )
Ts (toptl > Ts)
t = 14
o { 0 (fopu <0) o

The stator currents 74, 4 of the seven candidate voltage vec-
tor combinations can be predicted by using the voltage model
Eq. (15), respectively. Then substitute the obtained iZH i’;“
into Egs. (6), (7), and (8) to obtain the seven sets of 1¥** and
TF+1, for the subsequent screening of the cost function.

t t1 Ts—1 t]
Usd = 7 Ud optl T — 7 Ud j s
_ topt] + Tsftopt] ) ( )
Usq = 7 Uq_optl T, Uq_j

where uq opt1 and ug op1 are the dg-axis components of the first
voltage vector in the two-vector combination; ug ; and u, ; are
the dg-axis components of the second voltage vector in the dual-
vector combination; usq and u,, are the dg-axis components of
the stator current; and the dg-axis component of the zero vector
is 0.

3.2. Traditional Strategy Cost Function

Due to the different magnitudes of torque and flux, it is neces-
sary to set the weight factor to balance the relationship between
the torque and flux errors in the cost function. The traditional
cost function is in the form of error tracking, as in Eq. (16)

g=|Tr = TF? + Q|ur — v (16)

where T and 1)} are the reference values of torque and stator
flux respectively; @ is the weighting factor, and the traditional
algorithms generally use empirical collocation or set the torque
and flux to have equally important weights.

4. ENHANCED ROBUSTNESS DUAL-VECTOR MPTC
STRATEGY (ERD-MPTC)

4.1. The Proposed Improved Dual-Vector MPTC (ID-MPTC)

This paper proposes an improved dual-vector MPTC (ID-
MPTC) control strategy. Firstly, the vector sector distribution
map is reclassified, and a fast selection table is obtained ac-
cording to the control demand. Compared with the traditional
dual-vector MPTC, the proposed fast voltage vector selection
table omits step 1 in the traditional dual-vector MPTC control
algorithm and also optimizes the number of predictions in
step 3. The traditional dual-vector MPTC requires 14 predic-
tions, while the vector selection table proposed in this paper
requires only 3 predictions for voltage vector selection, which
reduces the computation amount. Secondly, a cost function
in the form of relative error rates of torque and flux is used
to eliminate the weight factor, which avoids the complicated
rectification of the weight factor. And the torque and flux of
the switching point moments are taken into account in the cost
function.
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FIGURE 1. Voltage vector sector distribution map and examples of the
effect on torque and stator flux.

4.1.1. Dual-Vector Combination Principle

In order to improve the control accuracy and reduce the current
harmonics, the voltage vector sector map is redivided into 12
sectors in this paper, and the angle occupied by each sector is
30°, as shown in Fig. 1. The sector division satisfies Eq. (17),
and Sy (N = 1,2,...,12) is the sector index. The two zero
vectors ug(000) and u;3(111) have the same effect on torque
control, and this paper will uniformly refer to the zero vector
up.

T <5y <2NZ

2N —2
( )12_ 12

a7

Based on the six active vectors, the neighbouring voltage
vectors are combined two by two, constituting six sets of
dual voltage vector combinations, generating six virtual vec-
tors, including us(ug, us), uy(us, us), ug(us, uz), ug(uz, ug),
uyo(ug, uyy), and uyo(uyq, uy) as shown in Fig. 1. The combi-
natorial relationship between each virtual vector and the active
vector satisfies

Un

T, "

u,, +

(18)

inEq. (18), u; (i = 2,4, ..., 12) is the synthesized virtual vector;
Um (M =1,3,...,11), u, (n = 1,3, ..., 11) are the neighbour-
ing two active voltage vectors of the inverter; ¢; 4., i v, are
the action time of w,,, and u,,, respectively, and satisfies

ti,um + ti,un = Ts (19)

The voltage selection for the method proposed in this pa-
per involves torque error and stator flux error, here defined as
torque error AT, and stator flux error A,.

{ AT, =T —T.

20
Aoy = 05— 20
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FIGURE 2. Classification of voltage vectors in the S; sector.

If AT, > 0, it means that the torque needs to be increased,
and if A1p; > 0, it means that the stator flux amplitude needs to
be increased. Similarly, AT, < 0 needs to decrease the torque,
and At < 0 needs to decrease the stator flux amplitude.

Based on the concept of load angle and Equation (4), the elec-
tromagnetic torque can again be expressed as:

_ 3Pt

T, =
2 Ly

(¢ sind) 2D
where 4 is the load angle.

Electrical parameters change much faster than mechanical
parameters, and changes in the rotor flux are negligible over
very short time intervals. That is, in the a8 coordinate system,
the stator flux position angle #, can be changed under the ac-
tion of the voltage vector, but the rotor flux chain position .. is
almost unchanged, thus changing the load angle 6 = 6, — 0,,
which ultimately facilitates the control of the electromagnetic
torque. Neglecting the stator resistance voltage drop, the pro-
portional relationship between the voltage vector ug and the
flux vector 1, can be expressed as:

—

A, = fi At (22)

Based on the switching table principle of direct torque con-
trol, it can be seen that the 12 voltage vectors (6 active vectors
and 6 virtual vectors) can be classified into four categories ac-
cording to the range of angles between the voltage vectors and
the stator flux vectors: the clamping angle between 0° and 90°
can increase torque and increase flux, between 90° and 180°
can increase torque and decrease flux, between 180° and 270°
can decrease torque and increase flux, and between 270° and
360° can decrease torque and decrease flux. In addition to the
6 active vectors, 6 virtual vectors are introduced. With this ap-
proach, for each category, there are 3 active or virtual vectors
to satisfy the torque and flux control requirements. Take sector
S1 as an example, as shown in Fig. 2.
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Candidate dual-vector combinations are determined accord-
ing to the following principles: according to the sector where
the stator flux is located, and then combined with the torque
and chain error sign; when the active voltage vector meets the
control requirements, the active vector is allowed to be used as
the first voltage vector, and the zero vector is used as the sec-
ond voltage vector; when the synthesized virtual voltage vector
meets the control requirements, the dual-vector combination is
selected as the virtual vector itself. The fast voltage vector se-
lection Table for the proposed ID-MPTC method is shown in
Table 1.

TABLE 1. Fast voltage vector selection table.

. Candidate active voltage
sector location T, )
vectors or virtual vectors

UN4+1, UN42, UN+3
UN+4, UN+5, UN+6

Uy—-1, Uny-2, UnN—-3

A
— == &

UN—4, UN—5, UN—6

In Table 1, T denotes the increasing torque or stator flux;
1 denotes the decreasing torque or stator flux; and N (N =
1,2,3,...,12) is the sector index number. N + k in the voltage
vector is the voltage vector (un ) selection index. When the
parameter N + k£ > 12, the actual value of parameter N + k
is the value obtained by taking the remainder of N + k to 12.
When the parameter N + k < 0, the actual value of parameter
N+EkisN +k+12.

Figure 1 shows voltage vector sector distribution map and
examples of the effect on torque and stator flux. Assume that
the sector where the stator flux is situated is .S, and that an in-
crease of torque and an increase of flux are required. According
to Fig. 1 and the fast voltage vector selection table, the 3 candi-
date voltage vectors combinations are (u3, up), us(us, us), and
(us,ug). Zero vector can be directly involved in PMSM direct
torque control to reduce torque ripple and will be selected based
on the principle of minimum number of switching transitions.
The same applies when the stator flux is rotated to other sectors.
Since all the three candidate voltage vector combinations sat-
isfy the system’s demand for torque, to obtain a smaller torque
ripple, the optimal set of inputs to the converter needs to be
selected by the cost function.

4.1.2. Action Time Optimization and Cost Function Design

The proposed ID-MPTC strategy still assigns the action time of
two voltage vectors using the deadbeat torque control principle,
which can be used in Eq. (13) and Eq. (14) to obtain the first
voltage vector action time t.y1, then the second voltage vector
action time is T-top1 . Based on the three candidate vectors ob-
tained from Table 1, using Eq. (15) and Egs. (6)~(8), three sets
of /¥+1 and T*+1 can be obtained for subsequent cost function
screening.

Equation (23) is the traditional error rate form of the cost
function, and the cost function omits the setting and adjustment
of the weight factor. This is because the relative error rate is
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FIGURE 3. Two dual-voltage vector combinations schematically dia-
grammed.

used to realize the control of the flux and torque, which are di-
mensionless physical quantities of the same order of magnitude.

At the end of the action of the first voltage vector, it switches
to the second vector, which means that the ¢,,;; moment is the
moment of the switching point in one cycle. Fig. 3 shows two
dual-voltage vector combinations schematically diagrammed.
As shown in the schematic of Fig. 3, the relative errors of the
torque and the flux at the switching point can well reflect the
fluctuation of the whole cycle. In this paper, the fluctuations
at the moment of switching point are considered in the pro-
posed cost function, as shown in Eq. (25). Since the torque has
been deadbeat control, Eq. (24) can be simplified to Eq. (25).
When making comparisons of function values, just calculate the
squared term g2. The proposed cost function takes the torque
control performance into account along with some stator flux
fluctuations.

2
e v I et

g = T + { ¢*S } (23)

* __rpoptl 2 * _ k41 2 * __,optl

) [ [

g = e (24)
5]
P vl R RO
] s

g = o]’ (25)
+ ST*S

in Eqs. (24)~(25), T, 2" are the values of torque and flux
at the moment of switching point, respectively.
4.1.3. Parameter Mismatch Analysis

From the prediction model, it can be seen that the model con-
tains motor parameters such as stator resistance R, stator in-
ductance L,, and permanent magnet flux 1) ¢, which are subject
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to change by factors such as temperature rise and magnetic sat-
uration, thus affecting the torque prediction. The stator resis-
tance and permanent magnet flux are less sensitive to the pre-
diction error than the stator inductance parameter, which is the
most sensitive and has a greater impact on the control perfor-
mance of the system.

The torque prediction error for parameter mismatch is

AT, =TH! — Tk (26)

If only the inductor parameter mismatch is considered, the
torque prediction error can be expressed as:

1.5pn s ALT,

ATP = |2nBf2 s
L=\ L (L, + AL)

(—ul + R,i}) 27)

in Egs. (26) and (27), T"”r1 is the torque prediction value at
time k41 when the parameter is accurate; T’“Jrl is the predicted
value of torque at £ + 1 moment of parameter mismatch, and
AT?7 is the torque prediction error when the inductor parameter
is mismatched; AL is the uncertainty component caused by the
inductor parameter mismatch.

From Eq. (27), it is obvious that when the inductor param-
eters mismatch, it will cause a large torque prediction error,
which further deteriorates the control system and causes a large
torque ripple. Similar conclusions can be obtained for other
parameter mismatches.

4.2. Enhanced Robustness Control Method

To reduce the harmful effects of parameter mismatch, the im-
proved robustness control strategy extracts the inductance val-
ues using the predicted and actual sampled values of three ad-
jacent cycles at k, k — 1, and k — 2, as well as the action time of
the dual-vectors, thus updating the inductance to obtain a more
accurate predicted value. Then, the ESO observer is used to
capture other parameter variations as well as externally gener-
ated disturbances, which are compensated into the prediction
model to achieve enhanced robustness of the ID-MTPC.

Set Ly=L,+AL Yy =19+ Av¢y, Ry = Rs + AR;
L, ¢, and R, are the values of motor parameters in the
prediction model in the absence of parameter mismatch; L.,
1[1 ¢, and RS are the actual values in the prediction model
when parameter mismatch occurs; AL, Ay, and AR are
the uncertainty components due to parameter mismatch of
inductance, flux, and resistance, respectively.

4.2.1. Inductor Update Mechanism

When the parameters are accurate, the predicted current at mo-
ment k after discretization is obtained from Equation (5):

-k TsRs \ ;k—
de (1—75) 'Ld

iy = (1= T )il — Tl 8

qp

1 k—1 1 k—1
+ Tswezq + 1z Tsugy

21 Twe
A gkl Tswety

s

k=1 _ k-1 k=1, k—1
Toulyt =ty tupy 85 sy (29)
k—1 _ 4k—1, k—1 | k=1, k—1
Tougy ™ =17 "uj, +iy uy,

in the above equatlon ik Udp and i* are the dg-axis predicted cur-
rent at moment k; z and iy kf are the dg-axis sampling cur-
rent at the moment k; ’f 4 ! and ukfl are the dg-axis com-
ponents of the first voltage vector at the moment of k —1; uk !
and u ! are the dg-axis components of the second voltage vec-
tor at the moment of k — 1; t*~! and t5~* are the action times
of the first and second voltage vectors at the moment of k — 1,
respectively.

Since the SPMSM electrical time constant is much smaller
than the mechanical time constant, the rotational speed can be
assumed to be constant during the adjacent control cycle. Then

the predicted current at moment % for parameter mismatch

TsRs \ ;k—1 k—1 1 k—1
de (]‘ - 7) g ~t TSW@Z + . Tsusd

Ls
; T.R. \ ;k—
z’;mz(l—%> ZZ 1 Téwezd + Tuk 1 (30)
_Tswe1/:f
Ls

where % dpm and i}, are the dg-axis predicted current at mo-
ment k of parameter mismatch.

Eq. (28) is subtracted from Eq. (30) to obtain the prediction
error of the dg-axis current at moment k(E”, E(’;), expressed as
follows:

k _ L;,AR—R.AL k—1 AL k—1
Ei = Tt.aary Tsta ~ + 1 (L +AL*) Tsugg
k _ L;AR—R;AL ‘k—1 k—1
By = Goa7an Tty + 17 (L +7AL) Tsugg~ (31
LA ;—ALwp
L Tan) LW

Because of the very short control period, the variation of the
motor parameters in the adjacent cycles is very small. The
prediction error of the dg-axis current at the moment & —
L(ERY EN1) expressed as follows:

k—1 _ L AR—R.AL v ;k—2 AL k—2
By =S aan Lsta ~ + o7 580 Tstsa
Ek*l _ Ls AR RsAL, T Zk 2 (32)

L,(Ls+AL)

Tk 1 Lsds—ALis

+LS(LS+AL) L.(L.tAL) *sWe

k=2 _ ko2 k=2 | k2 k2
{T“sd =17 Tupg T Tty Tugy

33
Tk 2_tk2k2+t12<; 2U§q2 (33)

. . k—2 E—2 :

in the above equation, uy, “ and uy, ~ are the dg-axis compo-
. k=2

— 25 Ugy

and ugq_ 2 are the dg-axis components of the second voltage vec-

nents of the first voltage vector at the moment of k

tor at the moment of k — 2; ¥~ " and t5 ! are the action times
of the first and second voltage vectors, respectively.

Thereby, one can define the difference between the predic-
tion errors of two neighbouring control cycles

AE=E(k)—E(k-1) (34)
It can be deduced that

_ L.AR—R.AL (:k—1 _ :k—2
AE; = % (L.+AL) (i~ —iq )
k=1 . k-2
+1 (LH—AL)TS( sd T Usg (35)
_ L AR—R.AL. (k=1 _ :k—2
AE, = 52017y (g1 —ig7?)
AL k—1 . k-2
+I (LQ—Q—AL)TS(usd —Ugy ")
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The steady-state fluctuations in adjacent cycle currents are
small, and the dg-axis currents are much smaller in amplitude
magnitude than the dg-axis voltages, which have negligible er-
ror variations. Rewrite the above equation as:

_ AL
AEq = L.(L.+AL)
(tkl kd +tk1k1_tk2 tk2§d2)
(36)
AE, = L, (L,+AL)
k— k k k k=2, k
(t11 —i—tl —t2 2 t2q2)

From Eq. (36), the uncertainty component AL can be esti-
mated for several adjacent cycles using the d-axis error, because
the estimation error g-axis is relatively larger because the g-axis
ignores the variations of parameters, such as rotational speed,
than the d-axis. AL can be expressed as:

AE,L?
AL~ (tk 1 kd1+tk 1 k 1_tk 2 k: 2_tk 2 I;d 2) (37
The estimated inductor can be obtained
Ly=Ls+ALs=Lq+
AFE L2
d (38)

Lk I
(5 uyy 5 R T

Due to the short sampling cycle, the degree of inductor varia-
tion during the short cycle should be very small. So, after filter-
ing the L, the value of the actual inductance can be estimated,
and the estimated new inductor value can be added to the model
for predictive control.

4.2.2. ESO Observer Current Prediction Error Compensation

By estimating the inductance, a more accurate stator inductance
can be obtained; therefore, more accurate predictions can be
achieved. Due to the inclusion of differential processes in the
mathematical model of the motor, which results in the updated
motor parameters, all contain a little fluctuation.

In order to eliminate the disturbances caused by fluctua-
tions in other parameters, the current is observed with an ESO
observer. By considering other parameter disturbances and
other unknown disturbances as overall disturbances, they can
be eliminated. In this paper, two first-order linear ESO ob-
servers are used for dg-axis current estimation, respectively.

The Eulerian discretization of the dg-axis current taking into
account parametric disturbances is as follows:

%]
Uy

1
iy 7 —~
i | = (TSA + 1)
q
Dk 1
. (39)
Dy
where I is the unit matrix, and A= [

~ [1/Ls 0 ~ 0
B{ 0 1/£s]’c[—wewf/Ls

+T,C+T.B

K
¥}
ke

q

+ TS

_Rs/z/s ~we _
—Rs/Ls

—We

} . D’j and D’qC are
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the total dg-axis disturbances at the moment &, which mainly
include the disturbances caused by the changes of motor pa-
rameters and reference currents.

From Eq. (39), in order to accurately predict the current, it
is necessary to obtain the total dg-axis perturbation at the mo-
ment k. Design ESO for dg-axis currents separately to observe
disturbances on real time basis

€q = %d — id
iq = ua/Ls+ fa+ Da—
plfl uq/ fa 4 — Bareq (40)
pDg = —Bazeq
fd = weiq - Rsid/iﬂs
€q = ;q — g
pig =uq/Ls + fq + Dy — Bpeg @
qu = _Bq2€q
fq = _Rsiq/Ls — Weld — Wewf/Ls

in Eqs. (39)~(41), 14, ﬁq are the estimated dg-axis currents; ﬁq,
bd are the observed values of the dg-axis, respectively; 541,
Baz and B41, B42 are the dg-axis observer gains, which can be
set as:
{ Bar = Bq1 = 2w, 42)
Bd2 = BqQ = Wg

where w, is the observer bandwidth.
Based on the disturbance observation, the predicted current
equation is as:

Z-k:+1 R %k N uk
do | = (TA+D)| ¥+ TC+TB| Y
tq lq Uq
Dk
1| 3)
Dq

where 7% and %’g are the estimates of the observer’s dg-axis at
moment k, respectively.

To sum up, the overall control block diagram of the proposed
ERD-MPTC strategy in this paper is shown in Fig. 4.

TABLE 2. SPMSM parameters.

Parameter Value
Rated speed n n/(r/min) 1500
DC voltage V4./(V) 311
Stator inductance Ls/mH 0.00484
Stator resistance Rs/S) 1.344
Permanent magnet flux ¢)y/Wb ~ 0.267
Number of poles P, 4
Moment of inertia J/(kg-m?) 0.01
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system configuration.

5. EXPERIMENTAL VERIFICATION

In order to verify the proposed ID-MPTC strategy’s torque pul-
sation suppression effect and the IRD-MPTC strategy’s robust-
ness enhancement effect during parameter mismatch, the three-
phase SPMSM is experimentally verified, and the obtained ex-
perimental data are analyzed. The experiment equipment is RT-
LAB semi-physical experiment platform, as shown in Fig. 5(a).
The controller takes TMS320F2812 as the core; the PMSM sys-
tem, inverter, etc. are constructed using RT-LAB (op5600); and
its hardware system configuration is shown in Fig. 5(b). The
SPMSM parameters are shown in Table 2. To fairly reflect the
effect of the control strategy proposed in this paper, the same
PI parameters of the speed outer loop are used during the ex-
periments.

5.1. Experimental Verification of ID-MPTC Performance

In order to verify the improvement in the steady state perfor-
mance of the ID-MPTC proposed in this paper, a comparison is
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made with the Literature [10] proposal of the ID-MPTC control
strategy. The motor starts with a load of 5 N-m and given speed
of 1000 r/min.

The experimental results are shown in Fig. 6, where the
torque, magnetic chain, and A-phase current are represented
from top to bottom. From the torque waveform graph in Fig. 6,
it can be seen that the output torque of the proposed ID-MPTC
is smoother and has less torque pulsation than the ID-MPTC.
From Fig. 6, it can be seen that the maximum torque ripple of
the ID-MPTC proposed in this paper and the ID-MPTC pro-
posed in [10] are 0.79 N-m, 1.23 N-m, respectively. It can be
seen that the maximum torque ripple of the proposed ID-MPTC
is 0.44 N-m lower than that of the ID-MPTC proposed in [10],
and the ratio 7 of the maximum torque ripple to the load torque
is reduced by about 9%, which reduces the torque output pulsa-
tion, and thus improves the steady state torque performance of
the motor. The A-phase current total harmonic distortion rate
(THD) of ID-MPTC proposed in this paper and ID-MPTC pro-
posed in [10] are 8.44% and 5.71%, respectively. In contrast,
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FIGURE 6. Steady state performance comparison of two control strategies. (a) The proposed ID-MPTC in literature [10]. (b) The proposed ID-MPTC

in this paper.

TABLE 3. Comparison of the performance data of the two control strategies at steady state.

Parameter ID-MPTC [10]  Proposed ID-MPTC
Te H/(N-m) 5.59 5.39
Te L/(N-m) 4.36 4.60
AT max/(N-m) 1.23 0.79
n 24.6% 15.8%
THD 8.44% 5.71%

(Te_H and Te_L are the upper and lower boundaries of steady state torque ripple;
AT, max 18 the maximum torque ripple;
7 is the ratio of maximum torque ripple to load torque 5 N-m)

the proposed ID-MPTC strategy in this paper can reduce the
phase current THD by about 2.7%. This is the main reason that
makes the torque output ripple to be reduced. Since some flux
ripple cases are considered in terms of cost function while us-
ing deadbeat torque control, it can be seen from Fig. 6 that the
improved stator flux ripple is significantly smaller than the ID-
MPTC proposed in [10]. The above experimental results show
that the improved dual-vector control strategy can effectively
improve the operating performance of the motor in steady state.
Specific experimental data comparisons are shown in Table 3.

To further verify the performance of the ID-MPTC strategy
in terms of dynamic response, the motor is made to start with a
load of 2 N-m, and when it is stabilized; at 0.2 s, the load torque

suddenly increases to 4 N-m; at 0.3 s, the given rotational speed
jumps from 1000 r/min to 1200 r/min.

The experimental results are shown in Fig. 7, where torque,
speed, and A-phase current are represented from top to bottom.
Since the MPTC control strategy inherits the fast torque dy-
namic response performance of direct torque control (DTC),
the proposed ID-MPTC and [10] proposed ID-MPTC also have
fast dynamic response. It can also be seen from Fig. 7 that in
terms of torque dynamic response performance, the ID-MPTC
proposed in this paper is basically the same as the ID-MPTC
proposed in [10]. The output torque responds quickly to sudden
changes in load torque and speed. When the load changes sud-
denly, the speed of both control strategies also has a good track-
ing effect, basically no overshoot. The phase currents are also
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FIGURE 8. Comparison of motor performance for three control strategies with parameter mismatch (Ls = 3Ls, @Z = 2¢f, R, = 0.5Rs). (a)

ID-MPTC [10]. (b) Proposed ID-MPTC. (c) Proposed IRD-MPTC.

smoother for both control strategies. It is shown through experi-
ments that the proposed improved control strategy enhances the
steady state performance along with a faster dynamic response.

5.2. IRD-MPTC Strategy Experimental Validation

The experimental working conditions are as follows: the motor
is started with a load of 4 N-m, and when it is stabilized, at 0.2 s
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the load torque suddenly increases to 6 N-m; at 0.35 s, the load
torque decreases to 4 N-m.

Figure 8 shows the performance comparison of the three
control strategies, proposed ID-MPTC in [10], proposed ID-
MPTC and ERD-MPTC in this paper, under parameter mis-
match (Ls = 3L, ¥y = 2¢f, Ry = 0.5R;). In Fig. 8, from
top to bottom are the g-axis current error, torque, and A-phase
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TABLE 4. Comparison of experimental data of torque mutation of three control strategies.

Parameter ID-MPTC [10]  Proposed ID-MPTC  Proposed IRD-MPTC
Te H/(N-m) 6.71 6.78 6.40
Te L/(N-m) 5.01 5.03 5.54
ATe max/(N-m) 1.70 1.75 0.86
n 28.3% 29.2% 14.3%
Eq (A) 0.54 0.57 0.27

(n is the ratio of maximum torque ripple to load torque 6 N-m; Eq is the g-axis current error)

current. From Fig. 8, it can be seen that both proposed ID-
MPTC and [10] proposed ID-MPTC show poor system perfor-
mance under parameter mismatched operating conditions. But
the ERD-MPTC still delivers excellent performance. Specific
experimental data comparisons are shown in Table 4.

The g-axis current error represents the difference between the
predicted value and the given current value, which is a good in-
dicator of how well the predicted current is tracking. It can be
seen from Fig. 8 that the ERD-MPTC strategy has a smoother ¢-
axis current error curve than the other two control strategies. At
parameter mismatch, the g-axis current errors of the three con-
trol strategies, ID-MPTC [10], ID-MPTC, and ERD-MPTC,
are 0.54 A, 0.57 A, and 0.27 A, respectively. The ERD-MPTC
strategy reduces the g-axis current error by 0.27 A, 0.3 A, re-
spectively. When the parameters are changed, the inductance
updating mechanism and the introduction of the observer can
effectively solve the problem of the large error of the predicted
current.

In the case of parameter mismatch, from the torque plots
in Fig. 8, it can be seen that the output torque of the ID-
MPTC [10] and the proposed ID-MPTC strategy undergoes
severe oscillations, which can seriously deteriorate the perfor-
mance of the motor. However, the ERD-MPTC strategy torque
is still smoothly output with low pulsations. The maximum
torque pulsations of ID-MPTC [10], the proposed ID-MPTC,
and ERD-MPTC control strategies are 1.70 N-m, 1.75 N-m, and
0.86 N-m, respectively. The ratio of maximum torque ripple
to load torque 7 is 28.3%, 29.2%, and 14.3%, respectively.
The ERD-MPTC strategy compared with the ID-MPTC pro-
posed in [10] and the ID-MPTC proposed in this paper reduces
the maximum torque pulsation by about 0.84 N-m and 0.9 N-m,
respectively. The ratio of maximum torque pulsation to load
torque 7 is reduced by 14% and 15%, respectively.

It can also be seen from Fig. 8§ that the torque dynamic re-
sponse speeds of the three control methods are basically the
same. In contrast, the A-phase current burr of the ERD-MPTC
strategy is smaller. Experiments show that the ERD-MPTC
control strategy has the same fast dynamic response perfor-
mance as MPTC. The experimental data and waveforms show
that, in the face of motor parameter variations, the proposed
IRD-MPTC strategy makes the motor operation still perform
well and improves the parameter robustness of the system.
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6. CONCLUSION

Aiming at the problems of traditional dual-vector control with
large computation, large torque pulsation, and control perfor-
mance that is seriously dependent on the accuracy of motor pa-
rameters. This paper proposes an enhanced robustness dual-
vector model predictive control strategy for permanent magnet
synchronous motors, and verifies the effectiveness of its strat-
egy. The following conclusions can be drawn:

(1) Compared with the voltage vector selection of the tradi-
tional dual-vector MPTC, the proposed ID-MPTC reduces the
number of iterations from 14 to 3. The weight coefficients are
eliminated in the cost function at the same time, and the fluc-
tuation of the switching point moment is also considered in the
cost function, which reduces the complexity of the algorithm.

(2) Compared with the traditional ID-MPTC, the proposed
ID-MPTC strategy reduces the steady-state maximum torque
ripple by 0.44 N-m and reduces the phase current THD by about
2.7%, which effectively improves the performance of the sys-
tem during steady-state operation.

(3) Due to the inclusion of inductor updating mechanism and
ESO disturbance observation to the proposed ID-MPTC, the
proposed ERD-MPTC strategy reduces the detrimental effect
on ID-MPTC in the case of parameter mismatch and improves
the parameter robustness of the system.
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