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ABSTRACT A modulated model-free predictive control with minimum switching losses (MSL-MMFPC) is
proposed to improve the steady-state performance and reduce the switching losses for a permanent magnet
synchronous motor (PMSM) drive system. Firstly, two adjacent current vectors are determined based on
the predefined first-level cost function, and then, make the current vector at the next control period equal
to the reference current vector by modulating the selected current vectors properly. Additionally, in order
to keep optimal control performance also in the over-modulation region, a new rotating coordinate frame
is used to adjust the optimal voltage vector. Then, the second-level cost function is designed to select the
optimal voltage vector sequence, so that the switching of a VSI leg does not happen during the phase-current
maximum, which can reduce the switching losses of the inverter. The simulation and experimental results
verify the effectiveness of the proposed control method.

INDEX TERMS PMSM drive system, modulated model-free predictive control, optimal voltage vector,

over-modulation operation, minimum switching losses.

I. INTRODUCTION

In recent years, permanent magnet synchronous motors
(PMSMs) have been widely used in electric vehicles and
other industry fields due to its high power/torque density
and high efficiency. With the rapid development of micro-
processors, model predictive control (MPC) becomes a typ-
ical optimal control algorithm and receives more and more
attention in PMSM drive systems [1]. MPC can be divided
into two types: continuous control set model predictive
control (CCS-MPC) and finite control set model predic-
tive control (FCS-MPC) [2]. FCS-MPC effectively utilizes
the discrete nature of the inverters and predicts the future
behavior of the system variables, and then the optimal
switching state will be chosen through the predefined cost
function and applied in the next control period. There-
fore, it is easier to realize nonlinear multi-objective and
multi-constrained control [3]. However, since the FCS-MPC
depends on the accuracy of the mathematical model, there are
various uncertainties and disturbances in PMSM drive sys-
tems, which lead to a degradation of control performance.
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The model-free control (MFC) [4] establishes the ultra-
local model online based on the input and output data of
the controlled system, and it uses this ultra-local model to
design the controller. This method gets rid of the dependence
on the mathematical model of the system and has strong
robustness. In [5], the model-free control is successfully
applied to a deadbeat predictive current control of a surface
mounted permanent magnet synchronous motor (SMPMSM)
drive system, which effectively decreases the negative impact
of inverter nonlinearity and motor parameter variation on the
system performance.

In the conventional FCS-MPC, a modulator is lacked and
only one basic voltage vector is applied for the entire control
period, which will generate high current and torque ripple [6].
Therefore, the FCS-MPC often adopted a high sampling fre-
quency to reduce current and torque ripples. Thus, how to
improve the steady-state control performance of the conven-
tional FCS-MPC without increasing the sampling frequency
is a key technology to be solved urgently [7], [8].

In order to improve the steady-state control performance
of the conventional FCS-MPC, there are several solutions
proposed in recent years. In [9] and [10], a method to increase
the FCS-MPC prediction horizon is used to improve the
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control performance. However, with the increase of predic-
tion horizon, the control algorithm will become more com-
plex, which will greatly increase the computation load of
online optimization process. Another solution is to introduce
a modulation strategy into FCS-MPC, such as duty cycle
control [11], [12] and three-vector control [13]-[16]. Duty
cycle control applies an active voltage vector and a zero
voltage vector in one control period and it is an effective way
to improve the steady-state performance of the conventional
FCS-MPC. However, the duty cycle control cannot realize the
current tracking without error theoretically. In order to realize
no-error tracking control, the three-vector control method is
proposed. In this method, two adjacent active voltage vec-
tors and a zero voltage vector are applied in one control
period. Although the three-vector control greatly improves
the steady-state control performance of the controlled system,
the calculation process is complicated. Deadbeat control [17]
is a simple three-vector control and often used with space-
vector pulse-width modulation (SVM). Although deadbeat
control is an ideal control method for PMSM, it is dependent
on the exact mathematical model of PMSM, and it is difficult
to realize multi-objective and multi-constrained control.

In order to overcome the limitations above-mentioned,
amethod called modulated model predictive control (MMPC)
is proposed recently [18]-[29], it integrates the SVM into
FCS-MPC algorithms, and it retains the advantages of
FCS-MPC as a multi-objective control but improve the per-
formance of the controlled system. In [18]-[26], the duty
cycles of basic voltage vectors are calculated by assuming
that duty cycles are inversely proportional to their corre-
sponding cost function values. However, it does not con-
sider the directions of the predictive current error vectors;
thus, the calculation of the duty cycles is inaccurate. In [27]
and [28], the optimal voltage vector is obtained by the dead-
beat predictive control, and then uses multiple cost function
to select the optimal active voltage vectors and calculate their
duty cycles. In [29], the torque tracking errors and MTPA
control errors of all basic voltage vectors are predicted and
can be recorded on an established two-dimensional coordi-
nate system. Thus, the optimal voltage vector is the voltage
vector corresponding to the origin of the two-dimensional
coordinate and is calculated by the method of linear approxi-
mation and interpolation. Nevertheless, it does not present an
optimized solution in the over-modulation region.

In the MMPC method above-mentioned, the duty cycle
combination of all adjacent vectors needs to be calculated,
which requires a large amount of calculation. Moreover,
the switching frequency of the inverter is high in PMSM drive
system, so reducing switching losses can effectively improve
the system efficiency. Further research is required to analyze
the use of MMPC in PMSM drive system.

The five-segment SVM strategy has the advantage of low
switching frequency compared with seven-segment SVM
strategy, and this strategy has applied in three-vector-based
model predictive direct power control strategy for doubly
fed induction generators, which can effectively reduce the
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switching losses of the inverter [14]. In [30], three additional
auxiliary switches are adopted to reduce the switching losses
of inverter; nevertheless, it not only increases the cost and
complexity of the system, but also reduces the reliability of
the system. A hybrid pulse-width-modulation technique is
introduced in [31], which can effectively reduce current har-
monic distortion and switching losses of the inverter. How-
ever, this offline optimization method is difficult to realize in
real-time. In [32], the appropriate voltage vector sequence is
selected online with the help of a predictive algorithm, and
this selection is based on a cost function where users can
define a tradeoff between the reduction of current distortion
and switching losses. However, if the cost function contains
both the current distortion and the switching losses, how to
choose the weighting factor needs further research. In [33]
and [34], the discontinuous pulse width modulation (DPWM)
scheme is improved and optimized, which can effectively
reduce the switching losses of the inverter, but it is more
complicated to use in combination with FCS-MPC. In [35],
a method called minimum-loss vector PWM (MLV-PWM) is
proposed, the voltage vector sequence is selected in a way
that the switching of a VSI leg does not happen during the
phase-current maximum to reduce the switching losses.

In order to improve the steady-state performance and
reduce the switching losses for a PMSM drive system, a mod-
ulated model-free predictive control with minimum switching
losses (MSL-MMFPC) is proposed in this paper. Firstly,
the predictive current vectors corresponding to the six active
voltage vectors are calculated, and then two adjacent current
vectors are selected based on the predefined first-level cost
function. Then, by reasonably allocating the duty cycles of the
two current vectors and the zero-current vector, the current
vector at the next control period is equal to the reference
current vector. Hence, the optimal voltage vector is obtained.
Moreover, in order to keep optimal control performance also
in over-modulation region, a new rotating coordinate frame is
used to adjust the optimal voltage vector. Then, the second-
level cost function is designed to select the optimal voltage
vector sequence, so that the switching of a VSI leg does not
happen during the phase-current maximum, which can reduce
the switching losses of the inverter. Finally, the simulation
and experimental results obtained from a SMPMSM drive
system are presented to verify the effectiveness of the pro-
posed control method.

Il. THE ULTRA-LOCAL MODEL OF PMSM DRIVE SYSTEM
The ultra-local model [4] of a PMSM drive system in the
synchronous rotating dg-axes is set up and given as

dig
d_ =Fg 4+ aquy
! ()
dig
E = Fq + Olqlxlq

where iy and i, are dg-axes stator currents. ug and u,
represent dg-axes reference voltages. oy and o represent
the proportional coefficients of dg-axes reference voltages.
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FIGURE 1. The distribution of space voltage vectors.

Fg and F,; contain the known and unknown parts of PMSM
drive system.

The estimation of F; and F; can be obtained by the alge-
braic parameter identification techniques [5] and given as

T 3! Tr .
Fo=—— o' (Tr —28)ia(8)
TF
+ag8(Tr — 8)ug(8))ds
. 31 1, . @
Fg=—== Jo (Tr —28)ig(8)
Ty
+0a,8(Tp — 8)ug(8))ds

where Tr = nrT; is the window sequence length. I:"d and }:"q
are the estimation of Fy and F,, which can be estimated by
the data of nr + 1 periods. Ty is the control period.

Based on the discretization of (1), the prediction of the
dg-axes stator current of PMSM in the next control period
can be expressed as

ia (k+ 1) = (Fa (0 + aaua () T + i (k)
iy + 1) = (ﬁq (k) + o gug (k)) Ty + ig (k)

where iy(k+1) and iy (k +1) represent the predictive values of
the dg-axes stator current. (k) is the value in the (k)th control
period.

lll. THE PROPOSED MSL-MMFPC METHOD

A two-level VSI is used to control a PMSM, and it can
generate eight basic voltage vectors as shown in Fig. 1. The
switching states “1-6” represent six active voltage vectors
and switching states ““7” and ““8” are zero voltage vec-
tors. The distribution of space voltage vectors are shown as
Fig. 1 and Table 1.

The conventional FCS-MPC predicts the future current
values of the eight basic voltage vectors, and then the current
tracking error is taken as the target to design the cost function,
and the basic voltage vector that minimizes the current error
is selected as the optimal voltage vector. In this paper, the
dg-axes stator current tracking error is selected as the mian
control target, and the first-level cost function is designed as

TV = (igret — i3k + 1))? )
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TABLE 1. Eight voltage vectors of the VSI.

Voltage vectors  State S1 S3 S5

u, 1 1 0 0
u 2 1 1 0
u3 3 0 1 0
uy 4 0 1 1
Us 5 0 0 1
Ug 6 1 0 1
u; 7 1 1 1
Uo 8 0 0 o0

i) (k+1)

-'.r\ (A-'_ l ]

£

Ly

FIGURE 2. Predictive current vectors of eight basic voltage vectors and
reference current vector in the dg-axes.

where i = 0,1,2,...7 represent the eight basic voltage
vectors. igef denote the dg-axes reference current, and igef =
iaret + jigrets i1k + D=iia(k + 1) + jizg(k + 1).

The arrangement of the eight predictive current vectors
corresponding to the eight voltage vectors in the dg-axes can
be shown in Fig. 2, where the space predictive current vectors
also form a hexagon. Since zero current vectors ig(k+1),
i7(k+1) have the same effects on iy and i;, so the two
zero current vectors are unified as i;(k+1). The geometric
meaning of the first-level cost function is the square of the
distance from each predictive current vector to the reference
value. As shown in Fig. 2, the square of distance between
current vector ip(k+1) and reference current vector iger is the
smallest, so u» is selected as the optimal voltage vector to be
applied in the next control period in conventional FCS-MPC.
However, the FCS-MPC cannot realize current no-error track-
ing, which will lead to high current ripple.

In order to realize current no-error tracking, three current
vectors are used to synthesize the reference current vector.
Firstly, the predictive current values of six active voltage vec-
tors are calculated. Then, according to the estimated results
of first-level cost function, two predictive current vectors with
the smallest and second-smallest cost function can be deter-
mined and recorded as i,(k+1) and ip(k+1), respectively,
moreover, i,(k+1) and iy(k+1) are adjacent. The voltage
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TABLE 2. Six sectors determined by the boundaries vectors.

Sector wu, wu,

1 u u
11 us u
III us [/
v Us Uy
Vv Uus U
VI u Ue
A .
q iy (k+1)
i, (ft1)
i-(kt1)
d
(2)
g1 ip(+1)
f's ref
i,(kt+1)
i-(kt1)
d
(b)

FIGURE 3. The two predictive current vectors in the dg-axes. (a) Linear
modulation region. (b) Over-modulation region.

vectors corresponding to the selected predictive current vec-
tors are u, and u; (u, represents the active voltage vectors

113 EEINT3

u1”’, “uz” or “us’, uyp represents the active voltage vectors
“ur”, “uy” or “ug’), respectively. Taking u, and u;, as the
boundaries of sectors, the voltage vector space can be divided
into six sectors, as shown in Table 2.

The arrangement of the selected two predictive current
vectors in the dg-axes can be shown as in Fig. 3. In this plane,
the two predictive current vectors and zero current vectors
form a triangle. If the reference current vector ig.r is inside
the triangle, the system operates in the linear modulation
region, as is depicted in Fig. 3(a). In addition, if the refer-
ence current vector ig.r lies outside the triangle, as shown
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in Fig. 3(b), this corresponds to over-modulation operation.
Both two cases are discussed in detail below.

A. DUTY CYCLES CALCULATION IN
LINEAR MODULATION REGIOND
After determining the two current vectors, the duty cycle
of each current vector can be calculated. The duty cycles
of selected predictive current vectors i,(k+1) and ip(k+1)
are denoted as d, and dp, respectively. The duty cycle of
predictive zero current vector i;(k+1) is denoted as d,. The
goal is to find a set of optimal solutions for duty cycle d,,
dp and d, of three predictive current vectors, so that the stator
current can reach its reference value at the next control period.
Consequently, according to the geometric relationship as
shown in Fig. 3(a), the duty cycles can be obtained by solving
the following linear equations

dg (atk + 1) —iy(k + 1)) +dp (ipk + 1) —iz(k + 1))
= isref - iz(k + 1) (5)

And the duty cycles of three predictive current vectors are
limited to

do+dp+d, =1 (6)

According to (6), the components of predictive current
vectors in (5) can be written on the dg-axes as

igd(k + 1) - dg +ipa(k + 1) - dp + iza(k + 1) - dy = igret
iaq(k +1)-d,+ ibq(k +1)-dp + izq(k +1)- dz = iqref
dg+dp+d; =1

@)

Solving the linear equations (7), the duty cycles of the
three predictive current vectors d,, dp and d, can be obtained.
Therefore, by modulating the selected predictive current
vector i,(k+1), ip(k+1) and predictive zero current vec-
tor i,(k+1) properly, the current vector at the next control
period is equal to the reference current vector. Consequently,
the optimal voltage vector to be applied in the next control
period is then given as

Uopt = daug + dpup (®)

where u, and u;, represent the active voltage vectors cor-
responding to the predictive current vectors i,(k+1) and
ip(k+1).

B. DUTY CYCLES ADJUSTMENT IN

OVER-MODULATION REGION

It must be noted that if d, + dj >1, it means the reference
current vector is outside the triangle as shown in Fig. 3(b).
This corresponds to over-modulation operation. In this case,
the magnitude of the optimal voltage vector u,y; (red line)
exceeds the voltage constraint in the ¢f stationary reference
frame as shown in Fig. 4(a). Thus, the u,),, should be limited
to the edge of the regular triangle formed by two adjacent
active voltage vectors. In order to find the modified optimal
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FIGURE 4. Optimal voltage vector lies outside the triangle. (a) In the
ap-axes. (b) In the mn-axes.

voltage vector, the best solution is to make the modified
optimal voltage vector closest to the non-modified optimal
voltage vector. As is illustrated in Fig. 4(a), when u,), lies
outside the triangle, it is projected perpendicularly to the edge
of the triangle, resulting in #,,,,(green line).

In order to obtain the projection more easily, a new mn
rotating coordinate frame is set up, where the sector that u,,),
located is centered at O degree in the mn-axes. As shown in
Fig. 4(b), if u,, is located in sector I, then rotate the mn-axes
so that the m-axis is in the center of the sector I. The optimal
voltage vector is modified in the mn-axes and then returned
to a-axes. The manipulation is given as follows.

The u,, in the af-axes is converted to the mn-axes and is
given as

. pB
us, + ju )
Upp = Uy + jup = (0172;—/30]”) _619 ©)
dc

where 6 = (-2m- Sector)/6, ug4. is the DC-link voltage and
2u4./3 is the amplitude of the active voltage vector.
Then, the u,, and u, in the mn-axes are limited to

V3
, U, Uy = 7 10
“n =3 J3 (10
_—, Uy > —
2 2
lun| < :
Un, Unl = =
W, =1, . % (11)
ESlgn(un)a lu,] > 5
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TABLE 3. The duty cycles in the over-modulation region.

Sector d, dy
I Ci-C, 2GC,
I -CH+C, GG,
111 2C, -Ci-Cy
v -2C, -Ci+Cy

\ -Cl- Cz Cl-Cz
VI Ci+C, -2C,

Finally, the modified voltage vector in the mmn-axes is
returned to o3-axes.

. 2 ) 2
Umopt = (u(rxnopz +]u5mp1) = u;nn ' gudc = (u;n +]u;1) : gudc

- (.ZMdcwig +ju;>> e (12)

When the optimal voltage vector is modified as #,,0p; in
the over-modulation region, the duty cycles of two active
voltage vectors should be recalculate. For example, if the
modified optimal voltage vector u,,.p; lies inside the first sec-
tor, according to the principle of vector synthesis, ,,p; can
be synthesized by two adjacent active voltage vectors u;
and u;.

13)

dau? + dbu% = u?nopt
dauzﬂ + dbug = uprt

where u{ and u’f are the values of the active voltage vector u|
in the aB-axes; ug and ug are the values of the active voltage
vector u; in the af-axes;uy,,,, and upr, are the values of the
optimal voltage vector u,,,p; in the o-axes.

Then, the duty cycles are calculated by

da = _3 u® - u/jzopt
2 U dc m()]’t \/g (1 4)
dy = \/guléwpt
Udc

Based on the above analysis, as shown in Table 3, the duty
cycles of two adjacent active voltage vectors can be deter-
mined when u,;,p; 18 in six sectors respectively.

3, V3db, 8
where Cy = ZImJZf ,Cr = 2U:;1f”’ s Upopr and uy,,,; are the

values of the optimal voltage vector u,,,p; in the af8-axes.

C. VOLTAGE VECTOR SEQUENCE OPTIMIZATION BASED
ON MINIMUM SWITCHING LOSSES

In seven-segment SVM strategy, the commutation of the
voltage vector sequence is 6 times in one control period, and
in five-segment SVM strategy, the voltage vector sequence
reduces the commutation to 4 times. Thus, the five-segment
SVM strategy (such as DPWMMIN) has the advantage of
low switching frequency. Assuming that the optimal voltage
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FIGURE 5. Switching sequences of the VSL. (a) ug-ug-up-ug-ugy.
(b) uq-up-uy-up-ugq.

vector is located in any sector, then the two adjacent active
voltage vectors are selected as u, and uy, and their duty cycles
in one control period are d, and dp, respectively. The remain-
ing time of the control period is filled with the zero voltage
vector u,, and its duty cycle is d,. The zero voltage vector
can be selected from “000” or “111”, and thus, the optimal
voltage vector can be synthesized by the two clamping vector
sequences {ab7ba} and {0aba0}. Taking the first sector as an
example, after determining the required active voltage vectors
u, and up(u,, up are uy, up respectively) and zero voltage
vector u_, there are two candidate vector sequences as shown
in Fig. 5. In the five-segment SVM strategy, only the vector
sequence {Oaba0} is applied. In order to reduce the switching
losses, the voltage vector sequence with minimum switching
losses will be selected between two voltage vector sequences.
The idea of MLV-PWM [35] is to select the appropriate zero
voltage vector according to the sector where the optimal
voltage vector is located. And in this way, the switching of a
VSI leg does not happen during the phase-current maximum,
and thus, leading to minimum switching losses.

The switching losses in the switching process during the
control period Ty is the sum of the turn-on and turn-off
switching losses E,, and E,y of each MOSFET and of the
turn-off switching losses E,yp of each diode.

By assuming that E,,, Eyy, and Egp are proportional to
the DC-link voltage Uy and the phase current i, thus, their
values are given as follows [36]

1 ZEOIIIESI . t(;n .
= - M e = 22U,
N Y Vil T 2
1 2E 4 toff
Eop = 5 -0 U4 = L i, (15)
2 Vtestltest 2
1 2Eaﬁ‘Dtest . offD .
E D:——lUd-:_lUd
D= Vielesr 2 %
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FIGURE 6. The flowchart of the proposed MSL-MMFPC method.

where Eoprest, Eoffiest and Eofpres; are the switching losses in
the test conditions; Vi.s and I are the voltage and current
in the test conditions; #,, and 7, are the turn-on and turn-off
times of the MOSFET, #,4p is the turn-off time of the diode.
These values of ?,,, to and t,p are normally given in the
datasheets.

To simplify the calculation process, the linear model
between the switching losses and the phase current is used
to estimate the turn-on and turn-off switching losses of the
MOSFET. Therefore, according to (15) and the characteris-
tics of the given voltage vector sequence, the average switch-
ing losses in a control period can be written as

1
Pswj k+1)= ﬁ (t011+toﬂ+toﬁD) Uac (|ial(k)|+|ia2(k)|)
s
(16)

where j = 1, 2 represent the two candidate clamping vec-
tor sequences {ab7ba} and {OabaO};al, a2 denote the two
non-clamped phase A, B or C on the control period.

Inspired by the thought of MLV-PWM, the appropriate
zero voltage vector can be selected according to the switching
losses of the inverter. Therefore, in order to select the optimal
voltage vector sequence, the switching losses in the control
period is taken as the target, and a second-level cost function
is defined as

JP=Pyjk+1) j=12 (17)

According to the evaluation result of the second-level cost
function, the one which minimizes the switching losses is
selected from the two candidate clamping vector sequences
{abT7ba} or {0aba0}.

IV. SYSTEM SIMULATION AND

EXPERIMENTAL RESEARCH

A. SIMULATION RESEARCH

To validate effectiveness of the proposed MSL-MMFPC
method, the PMSM drive system simulation model is estab-
lished based on Matlab/Simulink. Fig. 6 shows the flowchart
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FIGURE 7. Control block diagram of the proposed MSL-MMFPC method.

TABLE 4. Parameters of tested SMPMSM.

Parameters Value
Rated torque 13N'm
Rated current (rms) 19A
Rated speed 500 rpm
Stator resistance 0.0957 Q
Stator inductance 1 mH
Magnet flux 0.027 Wb
Number of pole-pairs 12

Moment of inertia 0.01015 kg'm?

of the proposed MSL-MMFPC method, and the control block
diagram of the proposed MSL-MMFPC method is shown
in Fig. 7. The conventional FCS-MPC method, MMFPC
based on the five-segment SVM method (FS-MMFPC) and
the proposed MSL-MMFPC method are compared. The sam-
pling time of the conventional FCS-MPC method is set as
50us, and the other two methods are set as 100us. The
inverter dead-time is set as 2us, and the DC-link voltage
is 48V. The proportional coefficients of dg-axis reference
voltages are chosen as ¢ = ag = oy = 1/Ly = 1000, and
the window length np is set to 10. The nominal parameters of
SMPMSM are given in Table 4.

To compare the dynamic and steady-state control perfor-
mance, the step responses of g-axis stator current at 100rpm
and 400rpm by three methods are shown in Fig. 8 and
Fig. 9. The d-axis stator reference current izt = 0A and
g-axis stator reference current increases from OA to 10A at
0.01s. The drawings of partial enlargement in Fig. 8 and
Fig. 9 show the dynamic performance of the system. All of
three methods have the advantages of rapid dynamic per-
formance and tracking their stator current reference value
fastly. In addition, the FS-MMFPC method and the proposed
MSL-MMFPC method have a small overshoot in the dynamic
process because of the optimal voltage vector adjustment
in the over-modulation region. Comparing the simulation
results of steady-state control performance of three methods,
the conventional FCS-MPC method presents large dg-axes
stator current ripples, and the other two methods both have
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FIGURE 8. The dg-axes stator current response at 100rpm (simulation).
(a) FCS-MPC. (b) FS-MMFPC. (c) MSL-MMFPC.

small dg-axes stator current ripples and excellent steady-state
control performance.

Fig. 10 and Fig. 11 show the simulation results of normal-
ized A-phase current and duty cycle of A-phase at 100rpm
and 300rpm of the two MMFPC methods, respectively. The
duty cycles of A-phase equal to “0” or “1” means that
the power device remains “ON” or “OFF” all the time,
thus there are not switching actions. It is evident that the
FS-MMFPC method does not have switching actions at the
negative maximum value of A-phase current but still have
switching actions at the positive maximum value. By contrast,
the proposed MSL-MMFPC method has no switching actions
either at the positive or the negative maximum value of
A-phase current. Therefore, compared with the FS-MMFPC
method, the proposed MSL-MMFPC method reduces the
switching losses significantly.

B. EXPERIMENTAL RESEARCH
In order to verify the effectiveness of the proposed

MSL-MMFPC method, an experimental prototype has been
established as shown in Fig. 12, dSPACE/DS1007 is used
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FIGURE 9. The dg-axes stator current response at 400rpm (simulation).
(a) FCS-MPC. (b) FS-MMFPC. (c) MSL-MMFPC.
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FIGURE 10. A-phase current and duty cycle of A-phase in steady-state
operation at 100rpm (simulation). (a) FS-MMFPC. (b) MSL-MMFPC.

as the controller and generates the drive signal for the
MOSFET-module inverter. The inverter dead-time is set
as 2us. The resolver is used as the rotor position sensor,
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FIGURE 11. A-phase current and duty cycle of A-phase in steady-state
operation at 300rpm (simulation). (a) FS-MMFPC. (b) MSL-MMFPC.

AC Induction

FIGURE 12. Experimental bench.

and the stator current is detected by a Hall-effect current
sensor. The dynamometer is a 2.2kW AC induction-motor
that operates in speed control mode. The sampling time of
the conventional FCS-MPC method is set as 50us, and the
other two methods are 100us. The nominal parameters of
SMPMSM and the control parameters are the same as sim-
ulation.

In the experiment, the g-axis stator current step responses
of the proposed MSL-MMFPC method are implemented at
100rpm and 400rpm, as shown in Fig. 13 and Fig. 14. The
d-axis current igref = OA and the g-axis current i ef changes
from OA to 10A at 0.1s. From the enlarged drawings of
Fig. 13 and Fig. 14, three methods can obtain extremely quick
dynamic response and the difference among them is not sig-
nificant. Moreover, the FS-MMFPC method and the proposed
MSL-MMFPC method achieve accurate current tracking per-
formance with small overshoot. This is because those two
MMFPC methods are based on predictive control and adjust
the optimal voltage vector in the over-modulation region.
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FIGURE 13. The dg-axes stator current response at 100rpm (experiment).
(a) FCS-MPC. (b) FS-MMFPC. (c) MSL-MMFPC.

It can be seen from Fig. 13 and Fig. 14, the FS-MMFPC
method and the proposed MSL-MMFPC method have similar
steady-state control performance, and the dg-axes current
ripples of both two methods are much lower than the conven-
tional FCS-MPC method. The results are consistent with the
simulation and this illustrates that both two MMFPC meth-
ods can obtain the optimal voltage vector, moreover, it can
effectively improve the current steady-state response. Fur-
thermore, the selection of different voltage vector sequence
has little effect on the steady-state performance of the system.

Fig. 15 and Fig. 16 show the experimental results of nor-
malized A-phase current and duty cycle of A- phase at100rpm
and 300rpm of the two MMFPC methods, respectively. It can
be seen from Fig. 15(a) and Fig. 16(a), there are still switching
actions at the positive maximum value of A-phase current in
the FS-MMFPC method. By comparison, one can see there
are not switching actions at the positive or negative maximum
value of A-phase current in the proposed MSL-MMFPC
method. And hence, the switching losses will be greatly
reduced. Furthermore, as we can see from Fig. 15 and Fig. 16,
the peak value of A-phase current will shift to the right
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FIGURE 14. The dg-axes stator current response at 400rpm (experiment).
(a) FCS-MPC. (b) FS-MMFPC. (c) MSL-MMFPC.
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FIGURE 15. A-phase current and duty cycle of A-phase in steady-state
operation at 100rpm (experiment). (a) FS-MMFPC. (b) MSL-MMFPC.

slightly with the increase of motor speed, but this has a limited
effect on switching losses reduction.
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FIGURE 16. A-phase current and duty cycle of A-phase in steady-state
operation at 300rpm (experiment). (a) FS-MMFPC. (b) MSL-MMFPC.

To further explore the steady-state performance and
switching losses of the FS-MMFPC method and the proposed
MSL-MMFPC method, a comparison of the A-phase current
THD and switching losses of the inverter at different rotating
speeds are implemented. In the experiments, the dg-axes
reference currents are igref = OA and igrer = 10A.

The switching losses of the FS-MMFPC method and the
proposed MSL-MMFPC method are compared by defining a
switching loss function (SLF) as follows

Pusi—
SLF — - MSL—MMFPC (18)

Pgs—mmFpc
where Prs—_ymrpc and Pyst—ymrpc are the switching losses
of the FS-MMFPC method and the proposed MSL-MMFPC
method, respectively.
The Prs_ymrpc and Pysp—ymmrpce can be calculated as

M
Prs—mmrpc = L > Psw_rs—mmrpc(m)
M =i (19)
M
PysL—mmrpc = — > Psw_msL—mmrpc (m)
M m=1
where Prs_ymrpc(m) and Pysy—ymrpc (m) are the switch-
ing losses of the FS-MMFPC method and the proposed
MSL-MMFPC method in each control period, respectively.
The value of M is 100,000.

Experimental results are shown in Table 5. Obviously,
although the THD of the proposed MSL-MMFPC method
is slightly higher than that of the FS-MMFPC method at
different rotating speeds, the switching losses of the pro-
posed MSL-MMFPC method is significantly reduced. The
proposed MSL-MMFPC method can effectively reduce the
switching losses of the inverter without sacrificing the steady-
state control performance of the system.

The experimental results confirm again that the proposed
MSL-MMFPC method can obtain the optimal voltage vector,
so it can effectively improve the performance of the current
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TABLE 5. Comparison of the A-phase current THD and the switching
losses.

THD (%) THD (%)

Speed (Pm)  £g MMFPC)  (MSL-MMFPC) L
100 266 2.80 0.7501
200 2.10 2.52 0.7514
300 227 252 0.7575
400 2.68 2.74 0.7713
500 215 218 0.7727

steady-state and dynamic response. Moreover, compared with
the FS-MMFPC method, it reduces the switching losses of the
inverter effectively.

V. CONCLUSION

This paper proposes a modulated model-free predictive con-
trol with minimum switching losses for PMSM drive sys-
tems. The six active current vectors are calculated based
on the ultra-local model of PMSM drive system, and then
two adjacent current vectors are selected based on the pre-
defined first-level cost function. The optimal voltage vector
is obtained by allocating the duty cycles of the selected
two current vectors and zero current vectors reasonably.
Compared with three-vector control, it is not necessary to
calculate the duty cycles of voltage vector in all six sec-
tors. Moreover, a new rotating coordinate frame is used to
adjust the optimal voltage vector to improve the dynamic
performance when VSI operates in the over-modulation
region. Then, the second-level cost function is designed
to select the optimal voltage vector sequence, in this way,
the switching of a VSI leg does not happen during the
phase-current maximum. Compared with the conventional
FCS-MPC method, the dg-axes stator current ripples can
be significantly reduced. Furthermore, compared with the
FS-MMFPC method, the proposed MSL-MMFPC method
reduces the switching losses effectively without affecting the
steady-state control performance.
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