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Abstract—In order to enhance the control performance of T, 7
the surface-mounted permanent magnet synchronous machines R = Akt )
(PMSM) working under the low frequency situations, this letter . R:ale rve;lclzll. _ ,"i —
innovatively proposes an accurate finite control set (FCS) model — — Predicted value i ip(kt1)_ _ ——— — 77 Apktl)
predictive current control (MPCC) method. First, a novel pre- i*(t)-~—~—~—~—~—~: s NV SE Ve B PRy ==
dicting plant model in the continuous-time domain based on the /"/m Ab(ktl) ' In(k+1)
numerical solutions of the PMSM state-space model (differential 0 Ai(kt]) < Ai(k+1)

equations) is developed. Without using the linear discretization
implementation, the influence of the low control frequency can
be eliminated completely. Besides, a brand-new calculation delay
compensation method based on delay time prediction and current
precompensation is designed for the proposed FCS-MPCC strat-
egy. Finally, experiments are conducted on a PMSM test bench with
the control frequencies of 2 and 1 kHz to comprehensively verify
the proposed algorithms.

Index Terms—Delay compensation, low control frequency
(LCF), model predictive current control (MPCC), permanent
magnet synchronous machine (PMSM).

1. INTRODUCTION

N INDUSTRY, surface-mounted permanent magnet syn-
I chronous machines (PMSM) have been widely adopted
thanks to its high torque and power density and compact
structure [1]-[3]. Among the high-performance PMSM control
strategies, because the finite control set (FCS) model predictive
current control (MPCC) strategy has high dynamics and simple
structure, it draws increasing attention from both the scholars
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Fig. 1.  Prediction process of traditional FCS—-MPCC method.

and engineers [4]. Nowadays, most of the FCS—-MPCC methods
are achieved relying on the forward Euler discretization-based
plant model of the machine, and usually, the discretization time
step equals the sampling (control) cycle [5]. Practically, in order
to reduce the torque and current ripples of the drive system, the
control frequency should stand at a pretty high position (e.g.,
10 kHz). As is shown in paper [6], the control performance of
an FCS-MPCC controller is as remarkable as that of the space
vector pulsewidth modulation based field-oriented control meth-
ods as the switching/control frequency is high. Whereas, it is
widely acknowledged that the high switching/control frequency
will generate quantities of loss and heat in the power devices,
lowering the efficiency and reliability of the whole system.
Considering this issue, many up-to-date researches have focused
on the low control frequency (LCF) drives [7], [8]. However, the
control performance will witness a marked degradation (e.g.,
higher torque and current ripples) when the system works at the
LCFE. As for the traditional FCS-MPCC strategy, one crucial
reason for this phenomenon is that the discretization process is
inaccurate. In detail, as shown in Fig. 1, the Euler discretization
approach implies that the system state value i, will shift in
a linear trend when a particular candidate voltage vector is
applied in each control period, while this default assumption
does not conform to the real situations because of the nonlinear
property of the system (real state is ¢,-). When the control period
increases, the accuracy of the one-step prediction results will
decline greatly. Namely, distinct errors between the predicted
values and the real ones will emerge as the control frequency
becomes low. For example, in Fig. 1, when the control period
increases from 77 to 7o, the current error grows from A iy
(k+ 1) to A is(k + 1). This will inevitably influence the optimal
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switching state selection process of an FCS—-MPCC controller,
and further degrade its control performance.

Another common problem of the FCS-MPCC strategy for
PMSM drives is that the quantities of calculations have to be
executed during the optimal control voltage process, resulting
in that the calculation time is long [9], [10]. The time delay
between the state measurement and actuation would lead to
inaccurate selection of the control voltage and further deterio-
rate the system performance if it is not considered, lessening
the effect of optimal control. Many scholars have addressed
the time delay issue of FCS-MPC. For the traditional linear
discretization-based FCS-MPCC, the most commonly used
delay compensation method is the two-step prediction (TSP)
strategy that uses the machine model shifted one step forward
to calculate the manipulated voltages [11], [12]. These indicate
that tackling the calculation problem is crucial for improving the
control performance of an FCS-MPCC controller and it is highly
required to develop effective delay compensation approaches for
any newly developed FCS—MPCC methods.

In order to overcome the drawbacks of the traditional dis-
cretization method and increase the control performance for the
LCF situations, a novel FCS-MPCC algorithm by using an inno-
vative numerical solution based predicting plant model (PPM) is
developed in this letter. Without using the linear discretization,
the traditional calculation delay compensation method based on
TSP technique will no longer be totally applicable. On this
ground, a brand-new delay handling approach that includes
two sequential procedures (dual-sampling-technique-based de-
lay time estimation and current precompensation) is discussed.
The experimental results verify the effectiveness of the proposed
strategies.

II. NUMERICAL SOLUTION BASED PREDICTING PLANT

In terms of FCS-MPCC, the targeting control objectives are
the d-, g-axis currents, so only the electrical equations are
required for prediction. The electrical properties of a surface-
mounted PMSM in the rotating reference frame can be illustrated
as follows:

diq _ . R : Ugq ‘I/f (1)
T T TPWmtd = gt T T T PWm

{ dig = Bajy t+ pumio +
where w,,, is the rotor mechanical angular speed. ¢4, ¢, are the
dg-axis currents. uq, u, are dg-axis control voltages. L is the
stator inductance. R is the stator winding resistance. p and
W represent the number of pole pairs and the flux linkage,
respectively. Instead of discretizing the machine model with a
linear method, a novel PPM based on the numerical solutions of
(1) will be established. To solve the differential equations, the
solutions can be expressed as follows:

vl

ia(t) = 2 + [Lsin(pwp,t) + £ cos(pwnt)] - exp (—L:t)
ig(t) = =2 + [Lcos(pwmt) — Zsin(pwp,t)] - exp (— L)
2
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Fig. 2. Proposed delay compensation strategy. (a) Delay effect and delay
prediction. (b) Compensation and control process.

where

m = —p? LV fwy, + pLwnu, + Rsug

n = pRsV ywy, + pLwnug — Rsug

¢ = p?L*w,? + Rs> (3)
y=c-ig(to) +n

z=c-ig(ty) —m

where i4(ty) and i4(tp) are the boundary condition. During
prediction, leti,(to) and i, (¢o) equal the instantaneous sampling
values at the start of each control period. Then, the states at the
next instant, i4(to + 1) and i4(to + T), can be calculated by
setting the time ¢ as the control period 7. Obviously, the proposed
PPM can reflect the continuous (real) current shift trend in
a machine, being able to obtain the more accurate prediction
results in comparison with the traditional strategy, especially in
the LCF applications.

Before leaving the PPM, it should be noticed that the numeri-
cal solution-based method is more complex due to the operations
of the exponential and trigonometric functions compared to the
traditional FCS-MPCC method [5], resulting in larger computa-
tion burden. In Chapter III, the calculation delay caused by the
proposed algorithms will be compensated using a brand-new
technique.

III. NOVEL CALCULATION DELAY COMPENSATION

The calculation delay effect is illustrated in Fig. 2(a), where
i* and 7, are the trajectory of reference current and real current,
respectively, 4, 5 is the estimated current corresponding to the
different voltage vectors and ¢, is the estimated current when
the calculated voltage vector is applied. Because there are fixed
algorithms to be implemented in each control period fora PMSM
drive, the calculation time ¢4 can be assumed to be identical
for each cycle. It can be noted that between t;—; and ¢y, the
voltage vector v, is the optimal manipulated voltage if the cal-
culation delay is ignored. However, as a result of ¢4, the selected
switching state is applied with delay at t;— + 4, leading to
that the current locus cannot be controlled as expected and a
large deviation occurs after a control period of 7. Inevitably,
this phenomenon will deteriorate the control performance of the
PMSM system.
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Considering the computation delay problem, Fig. 2 illustrates
a specially designed delay compensation strategy for the pro-
posed numerical solution based FCS—-MPCC scheme. It con-
sists of two sequential parts: online delay time prediction and
implementation of current precompensation and control.

A. Delay Prediction

In order to estimate the delay time, the proposed FCS—MPCC
algorithm based on the new predicting model without delay
compensation should be conducted on the PMSM at first [see
Fig. 2(a)]. It can be noted that different from the traditional
single sampling technique, sampling is implemented twice in
each control period, one of which is still at the beginning of
a period, and the other is after voltage selection but before
switching state actuation. At length, the sampling currents over
tp—1—tp and Lp—Lp 11 Qr€ iy (k1> Gr_2(k—1) A0 T 1 (k)5 Tr_2(k)>
respectively. Besides, the control voltage within ¢4 should be the
one applied in the last step. Between t;, and ¢, + ¢4, according
to the d-axis predicting plant, the time delay equals the solution
of (4)

_ m . z
i o(k) = " + [%sm(pwmtd) + Ecos(pwmtd)}

- exp (— Rstd> . )

L

Definitely, it is tedious to solve this equation. First, because
tq is tiny, the variation of sin(pw,ts) is much larger than
cos(pw,tq) within 4. It is appropriate to approximate the sine
function to pw,,tq while the cosine function to 1 according to
the theorem of equivalent infinitesimal replacement. Meanwhile,
exp(—2£s4) is equivalent to 1 — £5%4. Then, (4) can be simpli-
fied as follows:

. YR 9 y 2R m+z

po(k) = -2t 2o =)t .6
ir_2(k) cL d+(c CL) at c ©®)
And t4 can be derived as follows:

—4LR,cyir o(k) +4LRsmy
yL — zR, + \/ +2LR,zy + R,22

tg =
d 2yR

(6)

Practically, in order to increase the accuracy of delay esti-
mation, (6) can be executed repetitiously in multiple (e.g., N =
15) cycles, and then, the average value would be adopted as the
required result.

B. Implementation of Current Precompensation and Control

After obtaining t4, the dual-sampling technique is unneces-
sarily adopted for the compensation and control process [as in
Fig. 2(b)] any longer. As is illustrated in Fig. 3, the proposed
FCS-MPCC algorithm based on the accurate plant model and
compensation includes following six stages at the kth instant.

1) State measurement: Detect the real-time phase currents,

rotor position (k) and speed w,, (k) and transform the
three phase currents i, i3, and .. to the d-, g-axis currents
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Fig. 3.  Flow diagram for the implementation of the proposed FCS-MPCC

method.

iq(k) and i, (k) [denoting 7, 1 (k)) in Fig. 2(b)] according
to 0(k).

2) Precompensation: Let the measured currents equal the
boundary condition and predict the currents ¢/;(k) and
ir, (k) [denoting 7. (k) in Fig. 2(b)] in ¢4 following the (2)
and (3) using the control voltage in the previous cycle,
where 7). (k) represents the compensated current.

3) Prediction: Let the compensated currents iy (k) and i; (k)
equal the boundary condition and substitute them together
with w,, (k) into the PPM to estimate the future current
states i4(to + 1) and i,4(to +T) for all the candidate
manipulated voltage vectors.

4) Evaluation: Substitute all the predicted currents one by
one into a cost function and select the voltage vector that
minimizes the cost function.

g=(ia" —ia(to +T))* + (i* —ig(to +T))* (7)

where 7}, i; are the d-, g-axis reference currents, respectively.

5) Storage: Store the selected optimal voltage vector which
will be used in stage 2 in the next control period.

6) Switching state application: Single out the corresponding
switching state according to the best voltage vector and
apply it to the system.

Theoretically, the real current at ¢4 1 + ¢4 will reach 74,4 1),

indicating that the proposed method obeys the optimum control
principle.

IV. VERIFICATIONS

Experiments are carried out to verify the proposed FCS—
MPCC strategy on a surface-mounted PMSM drive whose
parameters are: bus voltage Ug. = 60 V, rated speed
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Fig. 4. Experimental results at control frequency of 2 kHz. (a) FCS-MPCC
based on Euler discretization method. (b) FCS-MPCC based on proposed
prediction plant without delay compensation.

Wrated = 700 r/min and rated load torque Tyateq = 5 N-m,
phase resistance R, = 0.6383 (), flux linkage ¢y = 0.085 Wb,
inductance L = 2 mH, the number of pole pairs p = 4, viscous
coefficient B = 0.0035, rotor inertia J = 0.013 kg-mz. The
algorithms are implemented on a DSP TMS320X28335 control
board. For the sake of comprehensive analysis, the system is
tested at the control frequencies of 2 and 1 kHz, respectively.
Finally, it needs to be mentioned that in each control period, the
codes of both the novel and conventional FCS-MPCC methods
are executed once.

A. Test Results at 2 kHz,

On the one hand, in order to compare the control performance
of the traditional discretization method and the proposed strat-
egy, both the two algorithms are verified first without using any
compensation techniques. The experimental setup is as follows:
the machine speeds up from standstill to 350 r/min (medium
speed) between 0 and 1 s, after which it stabilizes in the next
1s. At 1 s, the rated load is imposed on the shaft suddenly, and
from 2 s, the reference speed is set as 700 r/min (high speed). At
35, the speed decreases to 50 r/min (ultra-low speed), after which
the speed will remain at this level until 5 s. Moreover, the load is
suddenly removed and then applied again at 4 and 4.5 s respec-
tively. In order to compare the calculation delays (complexity)
of the proposed and conventional FCS-MPCC algorithms, the
execution time is tested offline by using the code execution
time measurement function of the processor (with an emulator).
Fig. 4 shows the experimental results of the traditional and the
new methods without compensation. At first, it can be seen
both algorithms show remarkable dynamics over the low and
medium speed range. Specifically, the settling time (from O to
350 r/min ) is shorter than 0.1 s and the system shows strong
robustness against the external load disturbance. Whereas, when
the machine is controlled to approach the rated point, although
the rising time for the two methods is similar, the settling time
for the new strategy is slightly longer (around 0.7 s) from the per-
spective of torque, and after 2.7 s, the torque ripples (TR) witness
a visible decline. Then, the steady-state control performance of
the two methods is different, which is mainly reflected in the
d-axis current ripples (CDR), g-axis current ripples (CQR), and
TR. First, the CDR, CQR, and TR of the traditional method are
3 A, 4 A, and 2.5 N-m under the no-load condition at 350 r/min,
respectively. While they decrease by around 0.3 A (10%),

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020

TABLE I
TIME DELAY IN 15 DIFFERENT PERIODS

kth Delay kth Delay kth Delay
period (ms) period (ms) period (ms)
1 0.0312 6 0.0328 11 0.0312
2 0.0322 7 0.0322 12 0.0326
3 0.0310 8 0.0313 13 0.0322
4 0.0325 9 0.0318 14 0.0322
5 0.0312 10 0.0326 15 0.0326

¢ Delay estimation Delay pre-compensation & control
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time 10 6 s/dw]

Fig. 5. Experimental results of the proposed strategy considering calculation
delay compensation at control frequency of 2 kHz.

0.6 A (15%), and 0.5 N-m (16%) when the new algorithm is
applied. Moreover, the same trend can be witnessed under load
conditions. The CDR, CQR, and TR drop from 12 A, 6 A, and
3.5 N-m for the traditional discretization method to 11.5 A,
5.7 A, and 3.3 N-m for the proposed PPM. These represent that
the novel method can improve the steady-state control perfor-
mance in the LCF conditions. Finally, the execution delay time
for the novel and traditional methods are 0.0327 and 0.0302 ms,
respectively, proving that the computation complexity of the
proposed FCS-MPCC method is slightly higher than that of the
traditional one (as in Chapter II).

On the other hand, in order to verify the effectiveness of the
brand-new online delay compensation strategy. The experimen-
tal setup is designed as follows: the machine is controlled by
the new approach without compensation between O and 1 s,
in which the delay time is estimated. Then, after 1 s, the pro-
posed method with delay compensation is adopted for control.
First, Table I records the estimated calculation delay (containing
sampling consumption) in 15 control periods. It can be seen
that the differences among those data are small (maximum error
is 0.0018 ms), so the assumption in Chapter III is reasonable.
Besides, the average delay time can be calculated as 0.0320 ms,
being very close to the offline test value. Then, Fig. 5 shows that
under the no-load conditions, the CDR, CQR, and TR get down
t02.45 A, 3.1 A, and 1.85 N-m when the calculation delay algo-
rithm is implemented. Moreover, in comparison with Fig. 4(b),
the control ripples for the integrated method also experience a
slight decrease (4.3% CDR, 3.5% CQR, and 4.5% TR) when the
rated load is applied. In order to verify the effectiveness of the
proposed delay compensation strategy more intuitively, Fig. 6
compares the steady-state performance before and after delay
compensation when the machine operates at the rated point.
Same as the results over the medium-speed range, the CDR,



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020

With delay compensation
Yoo, [7()0 rpm/dlv]

Without delay compensation

THD 538%

CTHD-685% i

time {O 1 s/dlv]

T : el
Torque [10 Nm/div]

T

Fig. 6. Comparison of control performance before and after calculation delay
compensation at control frequency of 2 kHz.

i : Torque [12 5 Nm/dlv] time [0 5 s/dlv] HNE
@ ©)

imp [0.5 s/dw] H

Fig. 7. Experimental results at control frequency of 1 kHz. (a) FCS-MPCC
based on Euler discretization method. (b) FCS-MPCC based on proposed
prediction plant without delay compensation.

CQR, and TR experience a visible decline as well. Besides,
the total harmonic distortion (THD) of phase current before
delay compensation is 6.85%, which is about 27.3% higher
than that after delay compensation. These verify that the delay
compensation strategy is capable of reducing the current and TR
so0 as to enhance the performance of the proposed FCS-MPCC
strategy at the control frequency of 2 kHz.

B. Test Results at 1 kHz

Since that the calculation delay time has been illustrated
previously, this part will directly compare the system per-
formance among the traditional Euler discretization-based
FCS-PCC, the proposed numerical solution-based FCS-MPCC
without delay compensation and the proposed method with
delay compensation. The experimental setups are consistent
with the abovementioned ones. Fig. 7 illustrates the comparison
results of the traditional and the proposed method without delay
compensation. First, in comparison with the results at the control
frequency of 2 kHz, the CDR, CQR, and TR become much
larger regardless of the working conditions. Second, similar
to Fig. 4, the proposed FCS—MPCC shows better steady-state
performance than the traditional approach. In detail, the CDR,
CQR, and TR of the traditional method are 8 A, 9.5 A, and
5.5 N-m under the no-load condition at 350 r/min, respectively,
while they decrease to 7 A, 8.6 A, and 5.15 N-m when the
new strategy is applied. And the same trend occurs for the load
conditions. Fig. 8 demonstrates the experimental results of the
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Fig. 8. Experimental results of the proposed strategy considering calculation
delay compensation at control frequency of 1 kHz.
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Fig. 9. Comparison of control performance before and after calculation delay
compensation at control frequency of 1 kHz.

proposed strategy with calculation delay compensation. Under
the no-load condition at 350 r/min, the CDR, CQR, and TR are
further smaller than those in Fig. 7(b), with the values of 6.8 A,
8.4 A, and 5.12 N-m, respectively. Compared to the results at
the control frequency of 2 kHz, it can be seen that when the
control frequency is lower, the delay compensation effect will
get relatively less significant because the LCF contributes more
to the system performance degradation. In Fig. 9, the steady-state
performance of the proposed method without and with delay
compensation at the rated point is compared. The THD of the
phase current between 0 and 0.5 s is 9.25% and it drops to 8.78%
between 0.5 and 1 s. Besides, similar to the results in Fig. 6,
the ripples of d-, g-axis currents and torque get smaller after
compensation as well.

V. CONCLUSION

This letter presents an accurate FCS-MPCC algorithm to
improve the control performance of the surface-mounted PMSM
used in the LCF cases. The contributions of this study are mainly
reflected in the following two aspects. First, an accurate machine
PPM based on numerical solutions is proposed to eliminate
the diverse side effects caused by the traditional linear Euler
discretization algorithm. By using the novel model, the precise
future states can be calculated, ensuring that the optimal control
voltage can be selected precisely. Second, instead of using the
traditional calculation delay compensation method, a specially
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designed compensation technique based on delay estimation
and current precompensation is investigated. The experimental
results demonstrate that the proposed FCS—-MPCC algorithms
are able to provide better steady-state performance than the
traditional scheme under the LCF (with the control frequencies
of both 1 and 2 kHz) situations. Meanwhile, the new method
still shows remarkable dynamic control performance.
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