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ABSTRACT The finite control set model predictive current control(FCS-MPCC)can significantly improve
the dynamic performance of the five-phase permanent magnet synchronous motor (SP-PMSM), but its
control performance highly depends on the accuracy of the model parameters. The parameter error com-
pensation based on the first-order sliding mode observer can improve the robustness of FCS-MPCC under
Model parameter mismatch. The introduction of the sign function leads to chattering in the observation
results. In order to eliminate this chattering, a first-order low-pass filter needs to be added for compensation.
However, the introduction of filters will increase system design difficulty and bring system delays, which will
affect the compensation effect. Therefore, a second-order sliding mode observer, based on the variable-gain
Super-Twisting algorithm, is proposed to realize the parameter error estimation and one-beat delay com-
pensation in this paper. By establishing the Lyapunov function, the stability proof of the proposed observer,
and the calculation method of the observer parameters are given. Besides, the third harmonic current can be
suppressed, and the computational burden of the control unit can be reduced by controlling the proportion of
medium vector and large vector reasonably. According to the deadbeat control, the optimal virtual voltage
vector action time in each cycle is obtained, which improves the tracking ability of the reference current.
At last, Extensive experimental results validate that i) the proposed observer can significantly improve the
robustness of model predictive current control even under parameters mismatch; ii) the proposed control
method can effectively enhance the dynamic performance of the 5-phase PMSM.

INDEX TERMS Five-phase PMSM, finite control set model predictive current control (FCS-MPCC), duty

ratio, virtual voltage vector (V3), variable-gain super-twisting algorithm (VG-STA).

I. INTRODUCTION
In the past decades, the concept of all-electric aircraft (or
more electric aircraft) was proposed, resulting in the exten-
sive use of electric driving systems on aircraft, such as electric
brakes, spoilers, and fuel pumps. The ever increasing demand
for electricity on large airplanes has set higher standards for
power density, reliability, and safety. The five-phase PMSM
stator comprises multiphase windings, showing higher relia-
bility, power density, and fault tolerance than the three-phase
PMSM (3P-PMSM).

At present, current control strategies of the 3P-PMSM are
generally divided into Field Oriented Control (FOC), Direct
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Torque Control (DTC), and FCS-MPCC [1]-[3]. Compared
with FOC, FCS-MPCC can obtain a better dynamic response.
Compared with DTC, FCS-MPCC provides more flexible
optimization methods thanks to its high control freedom,
resulting in more accurate and effective optimal voltage vec-
tor optimization [1].

However, there are still some unsolved problems of
FC-MPCC when applied to 5P-PMSM. Due to the
stator-rotor air gap and stator winding distribution, the third
harmonic current participates in the motor energy exchange
of SP-PMSM. Compared with three-phase PMSM, the pre-
diction model and the constraints of 5P-PMSM for
FC-MPCC are more complicated, with tripled base volt-
age vectors in the optimization process. The significantly
increased calculation burden of FC-MPCC, when applied to
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5P-PMSM, may make the controller unable to complete the
optimization process within one control period, resulting in
poor control performance.

For multiphase motors, the non-zero switching state gen-
erates a voltage vector on both the «-f subspace and
x-y subspace simultaneously. To suppress the third harmonic
current and simplify the optimization process, a virtual
voltage vector group, synthesized by two non-zero switch-
ing functions, is used for the FCS-MPCC of the six-phase
motor [4]-[7]. These two non-zero switching functions gen-
erate two in-phase fundamental voltage vectors in the «-f
subspace and two out-of-phase third harmonic voltage vector
in the x-y subspace.

In addition to the computational burden, the control perfor-
mance of FCS-MPCC is also highly dependent on the accu-
racy of the controlled object parameters. In order to reduce
the effect of parameter mismatch on the performance of
FCS-MPCC, online parameter identification strategies
were proposed. At presented, online parameter identifi-
cation strategies mainly includes model reference adapta-
tion [8], [9], particle swarm optimization algorithm [10],
genetic algorithm [11], immune algorithm [12], least-square
method [13], Kalman filter [14] and observer-based identifi-
cation algorithm. Shah et al. [15] compared the above seven
parameter identification methods from convergence speed
and computational cost. Among them, the observer-based
identification algorithm is more robust while ensuring
real-time performance.

Observer-based identification algorithms include distur-
bance observer [16]-[21] and sliding-mode observer (SMO).
De Soricellis et al. [16] adopted a disturbance observer to
replace the decoupling network of the current loop, which
avoids the influence of the motor rated parameter mis-
matches and improves the robustness of the current loop.
Zhang et al. [17] used a disturbance observer to observe the
stator flux linkage to eliminate the disturbance error caused
by the motor parameter mismatch of the prediction model.
Except for the motor parameters, some uncertain factors in
the modeling process can also affect the performance of
FCS-MPCC control. The different disturbances are combined
as a concentrated disturbance in the prediction model to
simplify the analysis and facilitate the realization [18]-[22].

Sliding-mode observer, as a variable structure observer,
insensitive to the variation of system parameters, shows a
faster convergence rate and better robustness. It can real-
ize the observation of parameter mismatch and uncertain
factors in continuous linear systems [23]. Deadbeat Predic-
tive Current Control (DPCC) is a current control strategy
based on the motor model, whose control performance is
also affected by modeling errors. Zhang et al. [24] pro-
posed a DPCC with a first-order SMO for PMSM, which is
used to observe the combined parameter disturbance in the
prediction model and compensate for the d-p axis voltage
output. However, due to the high-frequency switching func-
tion Sign (x) used in the first-order sliding mode algorithm,
the observed results showing a chattering phenomenon.
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However, first-order low-pass filters can attenuate the chat-
tering, but not completely. A high-order sliding mode
algorithm can alleviate the chattering by integrating the
sign(x) [25]-[28]. When the order of SMO is higher than
two, a higher-order derivative operation will be introduced,
which increases the calculation burden. The second-order
SMO based on STA can avoid higher-order derivative oper-
ations [27], [28]. However, the STA algorithm includes a
square root operation, which slows the convergence rate
when sliding mode variables are far from the sliding
mode surface. To solve this problem, Gonzalez et al. [29]
proposed a VG-STA algorithm to improve the conver-
gence speed of sliding mode variables in the whole
process.

Considering the characteristics of SP-PMSM, in this paper,
we improved the traditional FCS-MPCC by enhancing its
robustness to parameter perturbations. The structure of this
paper is organized as follows. In Section II, a virtual voltage
vector group based on large and medium voltage vectors is
proposed to reduce the computational burden of FCS-MPCC.
On this basis, a method to calculate the optimal voltage vector
acting time based on deadbeat theory is proposed to improve
the current waveform. In Section III, the influence of the
motor parameter mismatches on the optimal voltage vector
optimization process and the calculation of the optimal volt-
age vector action time is analyzed. In Section IV, to achieve
robust current control, a second-order SMO based on the
VG-STA algorithm is presented for parameter mismatch and
one-beat delay compensation. In Section V, comprehensive
experimental tests were performed to verify the proposed
current control approach and the optimal action time of the
voltage vector calculation method. Section VI concluded this

paper.

Il. FCS-MPCC OF 5F-PMSM

The static coordinate system used for Clark transforma-
tion of SP-PMSM can be divided into two subspaces
of w-B and x-y, corresponding to the fundamental har-
monic mathematic model and the third harmonic mathematic
model:

_ diy
Ly I
L dig l:a Uy — 1 sin6
L P P A
L dﬁ ix Uy —3vy3sin 30
d Iy Uy 33 cos 30
diy
L Lm3 E i

ey

where L,,; is the rated value of first harmonic inductance in
the a-B subspace, L3 is the rated value of third harmonic
inductance in the x-y subspace, Wy is the rated value of first
harmonic rotor flux linkage in the «-B subspace, Wr3 is the
rated value of third harmonic rotor flux linkage in the x-y
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FIGURE 1. Voltage vectors of 5P-PMSM. (a) «-j subspace. (b) x-y
subspace.

subspace; R is the rated value of phase resistance; 6 is the
rotor position of the motor.

A. SYNTHESIS OF VIRTUAL VOLTAGE VECTOR GROUP

A 5-phase voltage source inverter(VSI) is used to power the
SP-PMSM. The inverter can produce 32 primary voltage vec-
tors that fall into four categories according to their amplitudes
in the a-B subspace, i.e.:

I). Small-vectors(0.2472u4.) is acquired when the
high-side (or low-side) switches of the two non-adjacent
phases of the inverter are conducting simultaneously.

II). Medium-vectors(0.4u;.) is acquired when the
high-side (or low-side) switches of the single phases of the
inverter are conducting.

IIT). Large-vectors(0.6472u,.) is acquired when the
high-side (or low-side) switches of two adjacent phases of
the inverter are conducting jointly.

IV). Zero vectors are acquired when all the high-side (or
low-side) switches of the inverter are conducting. (note: u .
stands for the bus voltage magnitude.).

Any voltage space vector in the a- 8 subspace has its unique
voltage vector in the x-y subspace, and its phase angle is three
times the voltage vector in the «-f subspace.

In the x-y subspace, the amplitude of the concomitant
voltage vector of the medium vectors remains unchanged.
Magnitudes of the concomitant voltage vectors of the large
and small vectors in the x-y subspace are 0.2472 u4. and
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TABLE 1. Virtual voltage vector group.

Synthetic based
o vector ta " ety
1 16, 25 0.5528uy. 0 0 0
2 24, 29 0.4472u,. 0.325u4, 0 0
3 8. 28 0.17u4, 0.5258use 0 O
4 30, 12 -0.17u4, 0.5258u;e 0 O
5 4, 14 -0.4472 uy, 0.325u4, 0 0
6 15, 6 -0.5528u. 0 0 0
7 2.7 -0.4472uy. -0.325u,, 0 0O
8 23, 3 -0.17u4, -0.5258u,. 0 O
9 1. 19 0.17u4, -0.5258u,. 0 O
10 27, 17 0.4472u,. -0.325u,, 0 0

0.6472 uy,, respectively. According to the phases and ampli-
tudes of the 32 voltage vectors in the two spaces, the voltage
vector diagrams of the «-f8 subspace and the x-y subspace
can be obtained, as shown in Fig 1. In FCS-MPCC, all the
voltage vectors of the voltage vector group are brought into
the SP-PMSM prediction model in one control period and
optimized the most suitable voltage vector according to the
cost function. SP-PMSM has 32 primary voltage vectors.
Therefore, it is essential to select the voltage vector group
reasonably. In this article, a large vector and a medium vector
of the same phase angle in the «-f coordinate system are
chosen to form a virtual vector to reduce the computational
burden, and the action time ratio of the two primary voltage
vectors is A. It can be seen from Fig.1 that there are ten such
virtual voltage vectors, which form a voltage vector group.
According to Fig. 1, the large and medium vectors with the
same phase angle in the «-f subspace have corresponding
voltage vectors in the x-y subspace. The phase angles of these
associated voltage vectors differ by 180°. When the value of A
is equal to 1.618, the amplitude of the virtual voltage vector in
the -8 subspace is the largest, 0.5528 u ., and the amplitude
of the associated voltage vector is zero in the x-y subspace.
Hence, the third harmonic component in the prediction model
and the cost function can be omitted. The virtual voltage
vector group used in this paper is shown in Table 1.

B. OPTIMUM VOLTAGE VECTOR OPTIMIZATION PROCESS
Euler method is used to discretize the fundamental harmonic
mathematic model in (1):

ig(k + 1)
igtk +1)

:(1_R£)[ia<k>]
1

Lo~ | ig(k)
Ts | ug(k) —sinf(k)
I (|:u5(k) } — Yriw.(k) [cos@(k) }) 2

To compensate for one beat delay, the output voltage vec-
tor, the rotor position, and the sampling values of current
and speed can be substituted into (3) to calculate the current
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prediction value of the next beat.

[?a(k + 1)]

;ﬁ(k'f‘ 1)
_ 1 RTs {ig(k)
N (1 Lml) |:i/3(t) :|

T [ tta_opi®) — sin (k)
Lim ([“ﬂ_oit(k) ] ~ Vrieek) [cos 6(k)

Bring (3) into (2) to get the compensated mathematic
model of 5SP-PMSM:

}) 3)

[@[x](k + 2)]
ip[x1(k +2)
RTy [i,
—(-7 )[i("“)}
mt Liglk +1)
Ts [ uglx] —sinfk + 1)
+Lm1 [uﬁ[x]}_wflwe(k)[cosé(k—i—]) ]) )

where x = {1, 2, ..., 10}, which is the serial number of the
virtual voltage vector in Table 1, 6(k+ 1) is position predicted
value.

Ok + 1) = 6(k) + we(k) * Ty
The cost function is shown in (5)
Goasic = [ig(k +2) = Tulx]k +2)|

+

itk +2) —iglxl(k +2)| (5

Bring all the virtual voltage vectors in Table 1 into (4) in
turn to obtain the current prediction value at (k+2)-th under
different voltage vector excitation, and bring the prediction
results into (5), respectively. The voltage vector correspond-
ing to the smallest value of the gpqsic 1S the optimal voltage
vector.

C. CALCULATION OF ACTION TIME OF THE VIRTUAL
VOLTAGE VECTOR

As the SP-PMSM works under different load (or speed) con-
ditions, the expected voltage vector amplitude also changes
accordingly. When the motor operates under light load or at
low speed, the expected voltage vector amplitude is smaller
than the virtual voltage vector amplitude. In one period,
the actual current variation is higher than the reference current
variation, which leads the actual current jitter around the
reference current. The smaller the expected amplitude of
the voltage vector is, the more pronounced the chattering
phenomenon is. Take i, as an example, as shown in Fig.2.
The solid blue line is the reference current. The solid red
line is the actual current under the action of the optimal
voltage vector when the expected amplitude of the voltage
vector is smaller than the amplitude of the optimal voltage
vector. Moreover, the red dashed line is the predicted current
under the action of the non-optimal vector. i, stands for
the error between the actual current value and the reference
current.

212638

(k—1)*T, k*T, (k+f)*t (k+ﬁ)*ﬁ

FIGURE 2. iy real current and reference current.

By optimizing the action time of the optimal voltage vector,
the equivalent amplitude regulation of the optimal voltage
vector in a single period is realized, thus reducing the chatter-
ing phenomenon in the current waveform. According to the
current reference value at (k 4 2)-th and the predicted value
of rotor position and current at (k + 1)-th, the corresponding
expected voltage vector at (k + 2)-th could be obtained:

us(k +2)
ug(k +2)
_ L [ige+2] _ L [alk +1)
T, [k +2) T, ip(k + 1)
_ind 1
Y 10ek) [Cojg(i(ﬁ) ) ] ©)

Bring the expected voltage vector into (7); the desired
voltage vector amplitude is obtained. According to Table 1,
the amplitude of the voltage vector is 0.5528u,;.. The ampli-
tude of the inverter output voltage vector is adjusted by
modifying the action time within a single period. When
the amplitude of the inverter output voltage vector is equal
to the desired voltage vector amplitude in (7), the action
time is optimal, and the current chattering phenomenon is
minimized.

Wik +2) = Jp+22 + ik +22 ()

Bring the desired voltage vector amplitude into (8), the cor-
responding optimal action time f.,; at (k + 2)-th can be
obtained:

M:{ﬁ(k + 2)

= 8
0.5528uy4, ®)

Ted

Using t,4 to replace the virtual voltage vector action time
Ts in (4). By controlling .4, the prediction model for the
adjustment of voltage vector amplitude is realized:

[?a[x]<k+z)} _a _RTS)[?a<k+1>}+ fed [ua[x]]
iglxlk +2) | — Ly’ Ligtk +1)] " Ly [ uplx]
—siné(k—i—l)

cosO(k + 1) ] ©

T, .
- L—MWflwe(k)[
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1Il. EFFECT OF MOTOR PARAMETERS ON FCS-MPCC FOR
5F-PMSM

There are errors between the measured and rated value of
motor parameters:

R. =R+ AR
Lcml = Lml + AL (10)
Yerl = Y1 + AY

where R, is the measured resistance value; AR is the resis-
tance error value; L, is the measured value of first harmonic
inductance in the «-f subspace; AL is the error value of
first harmonic inductance in the «-f subspace; W¢ry is the
measured value of first harmonic flux linkage in the «-8
subspace; AW is the error value of first harmonic flux linkage
in the -8 subspace.

A. SYNTHESIS OF VIRTUAL VOLTAGE VECTOR GROUP
According to (6), when the estimated value of current at the
(k + 2)-th in (9) is the closest to the reference value, the
corresponding virtual voltage vector is the optimal voltage
vector. It is assumed that the current prediction value at the
(k + 2)-th is equal to the reference value, replacing the rated
value of the parameter in (9) with the measured value in (10),
the expression of optimal voltage vector at the (k + 2)-th is
obtained:

le_d |:ua0pt(k +2)]
T uﬂ*OPf(k +2)
Lot [5Gk +2) — i5(k+ 1)
T [ij;(k+2)—i;§(k+ 1)]

term
ik +1) —sinf(k + 1)
+ R [i;;(k + 1)} T+ Ve10e(t) [cos@(k +1) }

termy terms

Y

Equation (11) is consists of three parts. Among them, term
is affected by the measured value of first harmonic inductance
and the variation of current in one period; term; is affected
by the resistance measurement value and the current value
at the (k + 1)-th; terms is affected by the measured value of
first harmonic flux linkage. According to (11), the reference
current and back electromotive force is determined by the
rotor position. Therefore, when W,r1 is higher than Wy (or R,
is higher than R), the proportion of team, and feams in (11)
increase, and optimization results of the optimal voltage vec-
tor are more sensitive to the rotor position. However, when
Lem1 is higher than L, the proportion of team; in (11)
increased. Optimization results of the optimal voltage vector
are more sensitive to the variation of current in one period,
which leads to an increase in the actual current chattering or
even causing a mismatch between rotor position and current
phase.
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B. INFLUENCE OF PARAMETER MISMATCH ON t.4
calculation

When the parameter measured value is higher than the rated
value, the calculated result is higher than the expected value,
according to (11). So the action time of the optimal voltage
vector is higher than the optimal action time, which results
in the current rate of change in one period is higher than the
expected values.

Because of the adverse effects of parameter mismatch
on the control performance of FCS-MPCC in these two
aspects, a stator current and concentration disturbance
observer (SCCDO) can simultaneously predict the next beat
current value and track concentrated disturbance in the pre-
diction model, is proposed.

IV. CURRENT LOOP CONTROL BASED ON
FCS-MPCC+SCCDO

A. SCCDO BASED ON VG-STA ALGORITHM

Substitute (10) into the first harmonic math model in (1).

diy

dr |1 Jug iy —siné Ty
dig _Lcml([uﬂ}_Rc [iﬁ]_wewcﬂ [cos@ }*’[FJ)

dt

(12)

where: Iy, and I'g represent parameter concentrated distur-
bance of the «-axis and B-axis, respectively:

Fo | iy —sin6 dr
[Fﬁ}_AR[iﬁ}weAw[cosf) }LAL dig
The SCCDO can be designed as follows:

dig

dr I [u, [ —sin6 I,

= —R|¥ |- -
dig | Lm ([”ﬂ} [iﬁ:| e [COSG ] |:F5:|)

dt
(13)

where: I, and f‘ﬁ represent the estimated value of param-
eter concentrated disturbance of the «-axis and B-axis,
respectively:

'

;-
I'g
dt

According to (12) and (13), the error equation between the
prediction model and the actual model can be obtained as:

diy
iy —sin6 dr
|:i,3i|+weA1’/f|:cos9 i|+AL j

U

de; R, A
& - f,—T 14
dr Loml €t Lomt T ) (14)
where: e; = ?, — i, T € {a, B}.
The sliding-mode surface is chosen:
st = ir —ir (15)
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FIGURE 3. Discrete block diagram of proposed SCCDO.

When the state variables converge to the sliding mode
surface, the concentrated disturbance’s estimated value can
genuinely reflect the parameter mismatch that exists in the
prediction model. The VG-STA algorithm was selected as
the concentrated disturbance estimation function, as shown
in (16).The proposed algorithm consists of two parts: pro-
portional (fermy in equation (16))and integral(ferms in equa-
tion (16)). The value of s is both positive and negative.

In order to obtain the square root of s, the sign function
is introduced into the algorithm. The role of the sign function
in VG-STA is different from that in first-order sliding mode.

Therefore, the chattering of sliding mode variables along
the sliding mode surface will not occur. Compare with the
traditional STA, VG-STA increases the proportion of sliding
mode variable, which can improve the convergence speed
by adjusting the proportional coefficient k.. k; is a constant
greater than zero.

£ = & (Vlselsign(se) + kese)

termy
+Q/ (v |Sr|5i8n(sr)+krsr)'(]/2\/ Isz|+ko)dt  (16)

terms

1) OBSERVER STABILITY ANALYSIS
Assuming the concentrated disturbance meets the Lipschitz
continuous condition and the derivative of concentrated dis-
turbance along the time axis exists. Take (16) into (14).

. R,
(VI8¢ Isign(se) + kese) — I -

Lcm 1 cml

&

st + @(s7)
(17)

[Tr — q(/Isclsign(se) + kese) -

§p = —

where: ¢(s;) =
(1/2/Tse] + ke )d.

To prove the stability of (17), establish a quadratic Lya-
punov function v(s;, ¢(s;)):

Vs, p(s0) = ¢ Pg (18)
o | Vlsclsign(se) + krst _ | k1 + dic2 — 2up
where: £ = |:¢(sr) b= —2Kk>1 ?

with arbitrary positive constants k1 > 0, «2 > 0.
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The derivative of ¢ along the time is shown as:

¢ =nAg (19)
__& _ Rest
where: A = |:_L2m1 L%rr;1§10 j|’ n=(5 1|Tr\ +ke)
Ly Liy1in

The derivative of v(s;, ¢(s;)) along the time:

“}(S‘l'v ¢(St))
=n¢T(ATP+ PAY < —n¢T Q¢

Q .
& Rcs: 2 q I';
2( + VK1 4+4K5)—dir(— —
—_| Lem Lemi 2 Ly Lp&yn
€ Res: q I';
—(k14+4K3) = 22 (—+ )+H(—— )i
2 Lcml Lcml{l Lml Lmlé-ln
(20)

where: [I'z /L1 &1 < 81, |ReSt [Lemi€1| < 82, A is used to
indicate a symmetric element.

To make the observer corresponding to (17) satisfies
the Lyapunov global asymptotic stability condition, the Q
in (20) must be a positive definite symmetric matrix. Hence,
the selection of the parameters ¢ and ¢ in (16) is shown in
formula (21).

q = Lpni(k1 + 4/(22) + 2Ko€
1
Lom [ — QK282+ 81)* + k2 (21)
4y
U\ —2k281 — (82 — 2k2)(k1 + 4k2)

Take (21) into Q in formula (20):
Vse, $ls0) = —ng " QL < —2ians "¢ (22)

2) DISCRETIZATION PROCESS

Taking the optimal current-voltage vector and the back elec-
tromotive force as a whole, which acts on the motor winding,
as shown in (23).

Ug_our (k) _ te_d Ug_opt (k) _ —sinf(k)
|:u/3_aut(k) ] [“ﬁ_oit(k) i| WLjflwe(k) |:COS 6k) ]

T,
(23)

Euler method is used to discretize (13) and (16), and then
the discrete form of SCCDO based on the VG-STA algorithm
is obtained:

A T
ir(k+1)= ur_oul(k)
cml
R.T; . Ty -
+ - )iz (k) + r:k+1) (24
Lemi cml
where:

[k + 1) = e(/Tsc R)Isign(s: (k) + kysz (k))
+qT Y o (s Isign(sc (k) + ke sz (k))-
(1/2/1s: (O] + kr)
According to (23) and (24), the discrete block diagram of
SCCDO is illustrated in Fig. 3.
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Five-leg Voltage
Source Inverter 5-phase PMSM

Ten Virtual voltages

-

ug[x]) uylx]

ililili r
N ) A second-order Ia (kD). 4
abcde = SMO based on | + 1 +
o ol ®] Mo | EE+D T,
S, Eq(23),Eq(24) QF
S B Calculate the acting ‘ ii/?(k +1) [sp_pPMSM Current
‘ s time of virtual voltage i, (k+1) Predictive Model
g Eq(25).Eq(7).Eq(8) |, Eq(26)
i (k+2)
Lo i (k+2)
Cost function X1k +2)
Minimization Pl +2
Eq(5) p[x](k+2)

FIGURE 4. Block diagram of a 5P-PMSM drive system based on
FCS-MPCC+SCCDO.

4 - R
N
i=t= b

)
-~

Dlg.ltal Signal
Processing

‘ _m‘ - .

\

FIGURE 5. Experimental test platform.

B. FCS-MPCC WITH SCCDO

Firstly, five-phase current sample values are subjected to
Clark transformation to obtain iy, ig. The SCCDO takes i,
and ig as its inputs to generate the predicted value of current
and the observed value of concentration disturbance for the
next moment.

us(t+2)

u/’g(t +2)
_ it + 1) —sinf(t + 1)
=R [?,g(t + 1)} +¥r1eelt) [cosH(I +1) ]

Lemt | i3t +2) = ia(t +1) Put+ 1)
T |:i2(l‘+2)—i/3(t+l):| + |:f‘ﬁ(t+1):| (25)

Secondly, the observed results are substituted into (25)
to obtain the compensated expected voltage vector at
(k + 1)-th.Then, the compensated expected voltage vector
is brought into (7) and (8) to get the value of #,4. Finally,
the current predicted value, the observation value of con-
centration disturbance, t.4, and ten virtual voltage vectors

VOLUME 8, 2020

1.0A/div
20ns/div

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)

(a)

*

1.0A/div
20ms/div

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)

(b)

FIGURE 6. A-phase current waveform at different action times. (a) Ts
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FIGURE 7. The value of ted with the increase of speed and load torque.

in Table 1 are sequentially brought into (26), and ten current
estimate value is obtained at (k+2)-th correspondingly. Bring
ten current estimate value into (5) in turn, and the optimal
voltage vector is obtained. The entire control process of FCS-
MPCC+SCCDO is shown in Fig.4.

[@uxk+m}
iglx](k +2)
_O_RE[%@+D}+7}[QQ+D]
B Lot  Ligtk + 1) gk +1)
Ty teq [ uglx] —sinf(k + 1)
+ L (Ts [u,g[x]} ~ Yr1ee(®) [cosé(k +1) ])
(26)
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the MPCC method and the MPCC +SCCDO method of the
5P-PMSM system were carried out. The central control unit
based on TMS320F28335 of TI Company is used to realize

V. PRESENTATION OF RESULTS
In this section, to demonstrate the effectiveness of the pro-
posed predictive current control approach, experiments of
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FCS-MPCC+-SCCDO. Moreover, the current loop control In order to evaluate the algorithm for the optimal action
frequency is 10 kHz. The experimental test platform is shown time, a comparative experiment was carried out. The experi-
in Fig.5, and the experimental motor parameters are shown mental results are shown in Fig.6, where the virtual voltage’s
in Table 2. action time is set as Ty and .4, respectively. The reference
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TABLE 2. FP-PMSM parameters.

Parameter Value Parameter Value
Single-Layer
. . Fractional-
D(l:t';mk 96V W;?tdgg Slot
voltage patte Concentrated
Winding
Pair of 4 R 0.520
poles
Lo 1.2mH L3 0.02mH
wn 0.0163V's  wyp 0.000094V-s

speed is 500 rpm, and the load torque is 0.5N.m. In this case,
the optimal action time of the virtual voltage vector 7,4 is
0.4424 Ts.

Adjusting the virtual voltage action time is equivalent to
adding a zero voltage vector in one control period. The
addition of the zero voltage vector in one period can reduce
current fluctuations, which could be confirmed by comparing
(a) and (b) in Fig.6. The fluctuations in A-phase current
waveform are minimized when the action time equals f.4.

To verify the dynamic performance of the 7.4 calculation
method proposed in this paper, the SP-PMSM operates in the
ramp-up stage. The load torque also increases as the speed
increases. The experimental waveform is shown in Fig. 7 that
corresponds to speed (brown line), ¢4 (green line), and phase
A current (purple line). Initially, the SP-PMSM speed was set
at 300 rpm, the load torque was 0.3 N.m, and the correspond-
ing t,q was 0.25.

To ensure the chattering in the A-phase current waveform
is the minimum, the value of #,4 increases with increasing the
speed and load torque. When the speed reaches 1000 rpm,
the load torque is 0.7N.m, and the corresponding 7.4 is 0.75.

The current reference values of the SP-PMSM current
loop is set as igx = 1.5A,igx = 0, and load torque
is 0.5N.m. The current loop adopted two control methods
(FCS-MPCC, FCS-MPCC+SCCDO) under the prediction
model’s parameter mismatch. The experimental results are
Fig.8 and Fig.9, respectively, corresponding to the -axis ref-
erence current (blue line), a-axis current (red line), and phase
A current (purple line). By comparing the current waveforms
of ¢-axis (and phase A) under different parameters mismatch
conditions in Fig.8, the following conclusions can be given:

1)When the measured value and rated value of the three
parameters of inductance, flux linkage, and resistance satisfy
anyone or several conditions in (27), the fluctuation of the «-
axis current (and the phase A) current significantly increases.

Lemt > Lint or Yrer1 < Yp1

27
or Re <R @7

2)When the measured value and rated value of the three
parameters of inductance, flux linkage, and resistance satisfy
anyone or several conditions in (28), it leads to the optimiza-
tion result of the optimal voltage vector being more inclined
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FIGURE 10. Current Waveform when a step change of parameter occurs
(from ¥¢,; and L,,;; change to 0.5¥¢; and 2L,;). (a) FCS-MPCC.
(b) FCS-MPCC +SCCDO.

to the rotor position, and current tracking ability is weakened.

Lemt < Ly or Yrep1 > Y1

28
or R. >R 28)

From the experimental results, it can be seen that the
influence of the motor parameter mismatch on the control
performance of FCS-MPC cannot be ignored. The parame-
ter mismatch of flux linkage and inductance have opposite
effects on control performance. Whereas the parameter mis-
match of flux linkage and resistance have the same effect
on control performance. The experimental results are con-
sistent with the theoretical analysis.Fig.9 shows experimen-
tal results after the concentrated disturbance compensation
under different parameter mismatch conditions. The param-
eters of the VG-STA algorithm in the experiment are ¢ =
0.5,9 = 2,kr = 1. Compared with the current waveform
in Fig.8 at the same parameter mismatch conditions, it can
be found that the current waveform has been significantly
improved.
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To further evaluate the dynamic performance of the pro-
posed SCCDO, the experiment was completed when a step
change of parameter during the operation.

Fig 10 and Fig 11 show the experiments’ results when the
motor parameters suddenly changed, and the current control
uses FCS-MPCC and FCS-MPCCH-SCCDO, respectively.
From the results, it can be seen that the proposed SCCDO
can quickly converge and compensate for the concentration
disturbances caused by the step change of parameters dur-
ing the system operation. According to experimental results,
the SCCDO based on the AG-STA algorithm used in this
paper can compensate concentrated disturbances in real-time,
and improve the optimization results of the optimal voltage
vector, and enhance current tracking performance in the case
of parameter mismatches.

VI. CONCLUSION

In this paper, a novel FCS-MPCC method for 5SP-PMSM
is proposed to improve the current tracking ability and
resiliency to parameter perturbations. The main contribution
of this paper is as follows:

VOLUME 8, 2020

1).In order to suppress chattings in current waveform,
a method used to calculate the optimal action time of voltage
vector according to the motor model and work condition is
presented;

2). From the perspective of optimal voltage vector selec-
tion, the influence of the motor parameter mismatch on
the FCS-MPCC control effect is analyzed. On that basis,
a second-order SMO algorithm based on AG-STA, which can
predict the next beat current value and track concentrated
disturbance in real-time, is proposed.
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