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ABSTRACT: Aiming at the issues of drive signal errors and high computational complexity in conventional model predictive control,
a drive signal optimization virtual vector modulation-based model predictive control (DSO-VVMMPC) strategy with drive signal op-
timization for quasi-Z-source inverter-fed permanent magnet synchronous motor (QZSI-PMSM) system is proposed in this paper. In
the proposed strategy, drive pulses are generated by the combined effect of straight-through voltage vectors (ST VVs) and non-straight-
through (NST) VVs over one control period to reduce the ripples of inductor current and stator current. Firstly, the accurate drive signals
can be obtained by applying deadbeat algorithm to calculate and correct. The judgment of which sector the reference voltage vector is
in and the construction of a cost function for finding the optimal objective are not required. Thus, the computational burden of control
system is reduced significantly. In addition, the drive signals are optimized to output to reduce the effect of minimum pulse width on
the accuracy of deadbeat algorithm. The steady-state performance of proposed strategy is further improved. Finally, the feasibility and
effectiveness of proposed strategy are confirmed by conducting comparative experiments on the RT-LAB experimental platform.

1. INTRODUCTION

ecently, permanent magnet synchronous motors (PMSMs)

have been widely used in wind power generation, new en-
ergy vehicles, aerospace, and aviation due to their advantages of
large speed regulation range, fast response speed, high power
density, and high energy conversion efficiency [1-3]. How-
ever, voltage-source inverter (VSI) commonly used in conven-
tional PMSM drive systems can only realize voltage reduction
function, which is not suitable for occasions with large input
voltage variations, so other inverter topologies need to be con-
sidered [4]. Quasi-Z-source inverter (QZSI) has the advantages
of single-stage boosting and continuous input current, and the
existence of straight-through (ST) state eliminates the need to
consider the dead time of switching devices, which improves
the reliability of the inverter [5, 6]. Therefore, the use of QZSI
to drive PMSMs has the advantage of improving energy utiliza-
tion and reducing system size. However, due to the increase of
control variables and the discontinuity of the DC bus voltage,
the control process is more complex, and the control effect is
unstable [7, 8].

Scholars have proposed many strategies to address this [9].
In [10], a combination of considering complementary sliding
mode control as a feedback controller and considering distur-
bance observer technique as a feed-forward compensator is
used to improve the robustness of QZSI-PMSM driven sys-
tem with external disturbances. In [11], a novel variable dc-
chain voltage control method is suggested to regulate the dc-
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chain voltage indirectly to improve the operation efficiency
of the drive system. Model predictive control (MPC) uses
a mathematical model to predict the future behavior of the
system and design a cost function for optimization with re-
spect to the errors of multiple control variables [12,13]. It
is widely used in areas such as power electronics and motor
drives due to its ability to handle nonlinearities and complex
constraints [14, 15]. Discrete-time models play a crucial role in
MPC. The H, control-based output feedback techniques and
unsymmetric Lyapunov function were adopted in [16, 17] to
enhance the stability of two-dimensional discrete systems. In
conventional MPC, a single voltage vector (VV) is selected by
constructing a cost function and using an enumeration method
in one control cycle, which results in large steady-state ripple as
well as computational burden [18, 19]. To improve the control
performance of conventional MPCs, some authors have syn-
thesized and applied virtual VVs through vector modulation.
However, this leads to an exponential increase in the number
of alternative VVs and an increase in the number of cost func-
tion calculations [20].

Currently, reducing the range of candidate vectors by dead-
beat algorithm or list method is an effective way to reduce the
computational burden of the control system. In [21], each sec-
tor is divided into multiple equilateral triangles, and a dead-
beat algorithm is applied to reduce the alternative virtual VVs
to three. In [22], a hexagonal coordinate system is used to sim-
plify the localization and identification of the created virtual
VVs, and the three candidate virtual vectors are selected to be
substituted into a cost function to find the optimal. In [23], the
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FIGURE 1. The QZSI-PMSM drive system.

virtual VVs are selected by normalizing the reference voltage
vector to the first sector, which omits the optimization process.
However, it is still necessary to determine the sector where the
reference VV is located by the list method and calculate the
duty cycle. The concept of hybrid VVs was introduced in [24],
which applies the deadbeat principle to compute the action time
and then rejects the VVs with action time less than the thresh-
old. The switching frequency is reduced while maintaining
steady state performance. However, it needs to calculate the
action time again when selecting the dual-vector modulation
strategy, which increases the computational burden of the con-
trol system. However, the effect of the minimum pulse width
on the accuracy of the deadbeat algorithm is not considered.
The method proposed in [25] uses virtual vector modulation to
directly obtain the duty cycle of the three-phase switching drive
pulses. However, the method requires three current predictions,
and the effect of the minimum pulse width on the accuracy of
the deadbeat algorithm is not considered. In [26], a connection
between the control variables on the PMSM-side and QZSI-
side is cleverly established by using the duty cycle correction
method. Nevertheless, the relationship between duty cycle and
minimum pulse width is still overlooked in research.

To address the above problems, a drive signal optimization
virtual vector modulation-based model predictive control strat-
egy with drive signal optimization (DSO-VVMMPC) is sug-
gested in this paper. The contribution of this paper is summa-
rized as follows:

1) A virtual vector modulation method is used to generate the
driving pulse in one control cycle by employing the combined
action of one straight-through (ST) and three non-straight-
through (NST) VVs, which effectively reduces the steady-state
ripples of inductor current and stator current.

2) Accurate drive signals are directly obtained by decompos-
ing the reference VV and applying a deadbeat algorithm, which
effectively reduce the computational burden of the control sys-
tem.

3) The drive signal optimization method is applied according
to the control period and minimum pulse width, which effec-
tively reduces the influence of the minimum pulse width on the
accuracy of the deadbeat algorithm.
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The remaining sections of this paper are organized as fol-
lows. The model of QZSI-PMSM is presented in Section 2. The
proposed control strategy is introduced in Section 3. In Section
4, the proposed method is verified by comparative experiments.
Finally, the conclusion of this article is given in Section 5.

2. PREDICTIVE MODEL AND CONVENTIONAL MPC

The QZSI-PMSM drive system is shown in Fig. 1, in which the
three-phase two-level inverter bridge and quasi-Z-source net-
work form a QZSI, which can provide VVs with different ef-
fects. The DC power supply and PMSM act as the energy input
and output of the whole system, respectively [26].

2.1. PMSM Model

In this paper, the surface-mounted PMSM is taken as the object
of study. The voltage (vq4, v4) equations of PMSM in a two-
phase rotating coordinate system are represented as:

di

Vg = Rgiqg — wethg + def:
; (1)
vy = Ryig + wethq + Lqﬁ

where vg, vq, 14, 14, La, L4 are the stator voltage component,
current component, and inductance component of d-q axis; R
is the stator resistance; w is the electrical angular velocity; and
1y is the permanent magnet flux linkage.

Applying first-order Eulerian discretization to (1), the pre-
diction equations of i and i, are represented as:

[ B } =4 [ o }+B[ o }+C<k> @
where
ao = [ il e
s B0 3
C(k) = [ —Tswe(g) G/l ]
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FIGURE 2. Working states of QZSI. (a) ST state, (b) NST state.

where T is the sampling period.

2.2. QZSI Model

The operating states of QZSI can be classified into NST and
ST states. The equivalent circuits of QZSI at both states are
displayed in Fig. 2, where the two inductance values and two
capacitance values are equal, respectively (L1 = Lo, C; =
Cy).

It is necessary to predict the future behavior of QZSI in both
operating states. The working condition in ST state is shown
in Fig. 2(a). At this time, diode D, is disconnected; DC power
supply V;, and capacitor C'y charge inductor L;; and capaci-
tor C; discharges through inductor L,. The working condition
in NST state is shown in Fig. 2(b). At this time, diode D1 is
closed; DC power supply V;,, and inductor L, charge capacitor
C'; and inductor Lo charges capacitor C'y. There is iy = i1
under the condition that Ly = Lo of Cy = C5. When the in-
ductor stray resistance is neglected, the state equation of L; is
expressed as:

di
Llﬂ =vc, ST state
dt
, @
diry
LlW = ‘/ln — UC1, NST state

Applying first-order Eulerian discretization to (4), the pre-
diction equations of 77,1 is expressed as:

i1 (B)+ B ven (),

L51‘ ST state
iLl%)"’f[%n —ve1(k)], NST state
1
The state equation of C is expressed as:

d

o et - —ir1, ST state
dt

. (©)

Gy 1;(;1 =1ir1 —i4e, NST state

Applying first-order Eulerian discretization to (6), the pre-
diction equation of v is expressed as:

T
ver (k) + g[—im(k +1)],
1
ST state
vor(k+1) = - 7
ver (k) + Ff[m(k +1) —ige(k + 1)),
NST state

where i4.(k+1) is the DC bus current for next sampling period,
and it is obtained from the switching state and output currents
of the three-phase inverter bridge:

tge(k 4+ 1) = Samia + Seris + Scrlc (3

where Sy, Spr, and S, refer to the switching states of the
upper bridge arm of the three-phase inverter, respectively.

2.3. Delay Compensation

To improve the performance of the MPC strategy, a two-step
prediction method is employed to compensate the delay as fol-
lows:

[?d(k+2)] — Ak) [zd(’“f)]w{zd(’ﬁﬂ)} +C(k) 9)

in(k+1)+ %vm(k +1),
b4+ ST state
iri(k+2) = (10)
inae+ 1)+ 72 Vi = ven (k + 1),
NST state

The method uses the voltage vector v, (k) applied at mo-
ment k to estimate the inductor current of QZSI-side and the
stator current of PMSM-side at moment k& + 1.
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FIGURE 3. Proposed DSO-VVMMPC strategy.

2.4. Cost Function

In conventional MPC strategy, the optimal V'V is chosen as the
switching state for the next sampling period according to the
cost function g, which includes multiple control objectives such
as iqq and ¢z1. It can be defined as:

g=lia(k+2)—igl+|iq(k+2)—ig|+Q lir1(k+2)—iL,| (11)

where iq,* and ¢1,1 * are the reference values of i, and i1, re-
spectively, and @ is the weighting coefficient for the cost func-
tion. A cycle of recursion is performed on the nine finite vec-
tors of the two-stage QZSI to minimize the cost function in (11).
The optimal vector is then applied in the next control period.

3. PROPOSED DSO-VVMMPC STRATEGY

To optimize the control performance and computational burden
of QZSI-PMSM system, while considering the influence of the
minimum pulse width on the accuracy of the deadbeat algo-
rithm, a virtual vector modulation-based model predictive con-
trol strategy with drive signal optimization (DSO-VVMMPC)
is suggested in this paper. This strategy mainly consists of
the following parts: calculation of dgy,, virtual vector modu-
lation method, and drive signal optimization method, as shown
in Fig. 3.

3.1. Calculation of d,

The ST states include single-phase ST, two-phase ST, and three-
phase ST. In this paper, only single-phase ST VVs are used to
reduce the switching frequency of proposed DSO-VVMMPC
strategy.

If ST and NST VVs are used alternately to generate driving
pulses within a control cycle, then (10) needs to be updated as
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follows:
iri(k+2) = ipi(k+1) +dop [i55(k+2) —ipi(k+1)]
+(L = don) i35 (k+2) —ir1(k+ 1) (12)

where dp, is the ST duty cycle of QZS], as the ratio of the action
time of the ST VV in one control cycle to the control period.
i5%, (k+2) refers to the predicted value of iz,; under the applied
ST state from (10), and 75" (k + 1) refers to the predicted value
of i7,1 under the applied NST state from (10). To ensure that
the modulation coefficients of the QZSI-PMSM system do not
conflict, the following conditions must be satisfied:

(13)

0<=ds, <0.5
0<=M+ds <=1

where M is the modulation ratio of the system output voltage,
as the ratio of the amplitude of the output voltage to 2/3 times
the DC bus voltage (V).

The calculated value of dj, can be obtained by directly caus-
ing the predicted value of i1 at & + 2 moment in (12) equal to
its reference value:

[it1 —ir1 (k)| L1/Ts +ver (k) —
21)01(/€) — VZ

Vi

dsh =

(14

When the system is running stably, the fluctuation of the cal-
culated value of d;, is small, but when the operating condi-
tions suddenly change, the calculated value of dg;, may sud-
denly change and no longer comply with (13). At this point,
the following correction needs to be made: when the dgj, value
is less than 0, make it equal to 0; when the dgj, value is greater
than 0.5, make it equal to 0.5.
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3.2. Virtual Vector Modulation Method

Eight NST VVs and twelve single-phase ST VVs can be pro-
vided by the three-phase two-level QZSI. The sector division
of the VVs is shown in Fig. 4, where v* is the reference VV.

FIGURE 4. Sector division of the VVs.

The reference value of vy, is obtained by causing the pre-
dicted value of i4, at k£ 4+ 2 moment in (9) equal to its reference

value:
|- ([ ]t

*
Yq q
Convert the reference value of vg4, to the two-phase station-
ary coordinate system:

|-cw) as)

* % * .t
Vg = Ug 080 — v, sinf

(16)

vg = vy sinf + vy cos ¢

where 0 is the rotor position angle.

In the proposed strategy, space vector pulse width modula-
tion (SVPWM) is not used; the process of computing the cost
function several times for optimization is omitted; and judging
the sector where the reference VV is located is avoided. The ac-
curate drive signal is directly obtained with only one prediction
by the virtual vector modulation method, which greatly reduces
the computational burden of the control system without losing
the computational accuracy.

Firstly, the reference VV is decomposed, and its relationship
with the duty cycle of the three-phase VV is presented in the
form of a matrix:

A
o)1

d.

Usa
U5

V3
V3g

Vla
V1p

] an

¥ Q *

where V143, V343, and vsg are the components of VV vy, vs,
v5 in - axis, respectively; d,, dp, and d,. are the duty cycles of
abc three-phase respectively, which are the ratios of the inverter
three-phase higher bridge arm turn-on and lower bridge arm
turn-off time to the whole control cycle. The virtual voltage
vector formed by the independent states of each phase satisfies
the superposition principle and vector synthesis relationship.
A system of nonhomogeneous linear equations Ax = b is
shown in (17). Applying elementary row transformations to
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its augmented matrix and organizing them yields:

0 —1 31);2—}‘-/;/511;;
(Alb) - e ()
01 -1 Vi

This system of linear equations has a coefficient matrix 4 of
rank 2, an augmented matrix (A|b) of rank 2, and the number of
unknowns is 3. Therefore, the system of linear equations has a
solution, and the solution is not unique. Its general solution is:

T

vk + V3vE V/3uk

do, dp,d )T = k[1,1,1]7
[ s U,y } [57]+ 2Vdc ’ Vdc

.0

where k is an arbitrary constant, and & is firstly taken to be 0
to facilitate the calculation. At this time, the initial value of d,.
is 0, and the initial values of d, and d; are determined by the
collection and reference value of the system in current moment.

For different values of k, the zero VVs involved in virtual
vector modulation will be different, and the possible cases are:
v alone is involved in modulation; v7 alone is involved in mod-
ulation; and both v and v; are involved in modulation. But the
value of k£ does not affect the final formation of the reference
VYV, as shown in Fig. 5.

For QZSI drive systems, it is commonly necessary to insert
ST VVsinto NST VVs. To facilitate modulation of the voltage
vector, dgj, can be stripped out beforehand, and the three-phase
duty cycle at this time should satisfy the following condition:

0 <=dg, dy, do <=1—dgp, (20)

The correction calculation process for the three-phase duty
cycle is illustrated in Fig. 6. As shown in Fig. 6(a), the initial
calculated values of d,, dp, and d. may not satisfy the con-
straints of (20), so it is necessary to correct them for nega-
tive values as shown in Fig. 6(b) and overshooting as shown
in Fig. 6(c). Mark the maximum value of the three as dz, the
minimum value as dx, and the other one as dy

dx = min{d,,dp,d.}, dy = mid{d,,dy,d.},

dz = max{d,,dp,d.} 21

Firstly, check whether there is a negative value in the three-
phase duty cycle, that is, whether dx is less than 0. Since the
initial value of d.. is 0, it has been determined that d x is a non-
positive value. Regardless of its value, the minimum value of
the three-phase duty cycle can be directly corrected to 0 by the
following operation:

dwl :dx_an

The dg1, dp1, and d,.; obtained by negative value correction
in Fig. 6(b) are still one of the general solutions of (19), so the
above correction action will not affect the amplitude and direc-
tion of the reference voltage.

Then, check whether there is overshoot in the three-phase
duty cycle, that is, whether dz — dx is greater than 1 — dp,. If
it is judged as no, no correction is required; if the judgment is

x=ua,b,c (22)
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FIGURE 5. Reference VV obtained using different zero vectors. (a) Using vo. (b) Using v7.
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FIGURE 6. Correction of three-phase duty cycle. (a) Initial calculated value. (b) Negative value correction. (c) Overshoot correction.

TABLE 1. Virtual vector modulation strategies.

Different three-phase The sector Effective VVs ST VvV
duty cycle sizes involved in modulation involved in modulation
de < dp < dqg 1 V1, V2 Vst12
de < dg < dp 11 V2, U3 Vst23
da < dc < db 111 V3, U4 Vst34
do < dp < de v V4, Vs Ustas
dy < do < de Vv Vs, Vg Ust56
dy < de < dqg VI Ve, U1 Vst61
yes, overshoot correction is required as follows: cle (dsp,) form the driving signal, which can be modulated to
generate driving pulses. The vy 12 in Table 1 refers to the ST
dz1 dz—dx <1—dgp, VYV that can be inserted between vy and vs, etc.
duz = dml(lfdsh) d d z=a,bc (23) . . . e e
Tdy—dx z—dx>1—dgp 3.3. Drive Signal Optimization Method
In practical applications, the minimum pulse width (T3, 1S
The dg2, dpo, and d.o obtained from overshoot correction in usually set to reduce switching losses. The four driving sig-
Fig. 6(c) are the best alternatives to the general solution of (19) nals dgp,, d,, dp, and d. were calculated in Subsections 3.1 and
under the constraint condition of (20). The above correction 3.2, respectively. However, the calculated values of these driv-
action will not affect the direction of the reference voltage but ing signals are usually not integer multiples of 75, and the
will affect the amplitude of the reference voltage. Reset the d2, control circuit will extend the noninteger part of such driving
dpso, and d.o obtained from overshoot correction to d,, dp, and signals to output a complete 75, oOr lose it without generating
de. driving pulses. Therefore, it is necessary to optimize the driv-
The virtual vector modulation strategies corresponding to ing signal to reduce the errors caused by such output methods
different three-phase duty cycle sizes are summarized in Ta- in deadbeat algorithm.
ble 1, including the sector where the reference VV is located, The calculated and output values of the driving signal are
the effective and ST VVs are involved in modulation. The shown in Fig. 7, and they are compared with the optimized out-
three-phase duty cycle (dq, dp, and d..) and the ST duty cy- put values. In Fig. 7(a), d is the calculated value of four driving
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signals, which can be decomposed into the following two parts:
the part that experiences a complete T, is defined as d¢, and
the part that experiences an incomplete T},,,,, is define as d,,.

In order to improve the accuracy of the deadbeat algorithm,
the driving signal needs to be optimized based on T,,,, and
control period (Ts) to minimize the error between the opti-
mized output value and the calculated value. The optimization
function is defined as follows:

d™ = [round(dN)]/N
(24)
N=Ts / Tmpw
where d,, is the optimized driving signal; the round function is
a rounding function to the nearest integer; and /N is the ratio of
a control period to the minimum pulse width.
The total error of the drive signal is defined as follows:

€q = Idloss - dgainI (25)

where dj,ss represents the part that the driving signal is lost in
one control cycle, and dgq;y, represents the part that the driving
signal is extended in one control cycle, consistent with Fig. 7.

According to the size relationship between d,, and Ty, pw,
optimization processing can be divided into four cases, corre-
sponding to (a), (b), (¢), and (d) in Fig. 7, respectively. From
Figs. 7(a) and (d), it can be seen that in both cases, the total
error of the optimized driving signal is significantly reduced
compared to that before optimization. From Figs. 7(b) and (c),
it can be seen that in both cases, the total error of the optimized
driving signal remains consistent with that before optimization.
Therefore, the proposed strategy can reduce the total error of the
driving signal in deadbeat algorithm.

Because ST V'V has the same effect on the stator current of
the motor as zero VV, the ST VV is inserted between two effec-

tive VVs, and a symmetrical modulation strategy is adopted to
reduce the steady-state ripple of the stator current. The driving
signals of the six switching tubes of the inverter are as follows:

Sxm = (1 —-d¥)Ts/2

Sxr = ( —dm)TS/Q

Syn = [1— (dy +dg,)|Ts/2

Syr=(1- dm)TS/2 2o
Szu = [1 = (dy +d},)|Ts/2

Szr =1 —(d7 +d})|Ts/2

where the subscript H represents the upper arm of the inverter
bridge, and the subscript L represents the lower arm of the in-
verter bridge.

Taking d, < d. < d, as an example, the reference VV of
this control cycle is in sector VI, where the driving pulses are
generated by zero VV v, effective VVs vg and vy, and single-
phase ST VV wv,61, as shown in Fig. 8.

4. EXPERIMENTAL VERIFICATION

The experimental model is constructed and verified on the RT-
LAB experimental platform, and the digital signal processor
(DSP) adopts TMS320F2812. The RT-LAB experimental plat-
form and RT-LAB in-the-loop system configuration are pre-
sented in Fig. 9. The parameters of system are presented in
Table 2. K,, and K; of PMSM speed control loop are respec-
tively set to 12 and 200, while K, and K; of the capacitive
voltage control loop of the QZSI are respectively set to 0.5 and
50. These values for control strategies are kept constant in all
the next experiments.
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FIGURE 8. Schematic diagram of drive pulses.

Parameter Value  Unit
Number of pole pairs 4 /
Stator resistance 0.15 Q
Stator inductance 1.625 mH
Permanent magnet flux 0.1 Wb
Moment of inertia 478  g-cm?
Rated speed 2000  r/min
Rated torque 15 N-m
Z-Source Capacitor 470 uF
Z-Source Inductor 3 mH
DC power supply 180 A%

TABLE 2. Parameters of QZSI and PMSM.

(b)

[ \

} =  Control code

| |

| |

1 } Control command
Y

K—>
1/0

ﬁ 1/0

{
C

PWM| TV 84

Control bus D

Signal rocessin board }

FIGURE 9. Experimental platform. (a) RT-LAB experimental platform. (b) RT-LAB in-the-loop system configuration.

To verify the above analysis, comparative experiments
are conducted under the same conditions on the conven-
tional MPC (CMPC) strategy, the joint voltage vector-based
MPC (JVVMPC) strategy proposed in [7], the virtual vec-
tor modulation-based MPC (VVMMPC) strategy, and the
VVMMPC with drive signal optimization (DSO-VVMMPC)
strategy. In addition, the proposed strategy maintains a
constant switch frequency of 4 times in one control cycle,
while the traditional strategy switches between 0 and 6 times
in one control cycle. For fair comparison, the control period of
the JVVMPC and proposed strategy is set to 120 us, while the
control period of CMPC strategy is set to 40 us.

4.1. Verification of Drive Signal Optimization Method

The reference value of the capacitor voltage v is set to remain
constant at 240V, and the reference value of the corresponding
DC bus voltage V. is 300 V. In the initial state, the reference
value of the motor speed n* is 1500 rpm; the load torque 77, is
12N-m; the load torque is mutated to 16N-m in 0.4 s; and the
reference value of the speed is mutated to 1800 rpm in 0.7s.
Experimental waveforms of different strategies are shown in
Figs. 10-11.
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From Fig. 10(a) and Fig. 11(a), it can be seen that there are
significant fluctuations in both the inductor current (iz;) and
g-axis stator current (i,) when the CMPC strategy is applied.
Among them, the ripple of ¢ is 3.72 A, 4.18 A, 4.19 A; the
ripple of i, is 5.69 A, 6.04 A, 5.93 A; and the total harmonic
distortion (THD) of the a-phase current (i,,) is 2.62%, 2.34%,
and 2.51%, respectively. After a sudden change in the refer-
ence value of the speed, the motor speed follows its reference
value after 24.0 ms. From Fig. 10(b) and Fig. 11(b), it can be
seen that when using the JVVMPC strategy, the ripple of 11 is
3.48 A,3.83 A,4.18 A; theripple of ¢4 is 4.65 A, 5.01 A, 5.23 A;
and the THD of i, is 2.29%, 1.88%, and 2.03%, respectively.
The motor speed follows its reference value after 24.0 ms when
a sudden change occurs. When using the proposed VVMMPC
strategy, it can be observed from Fig. 10(c) and Fig. 11(c) that
the ripple of 71 and g-axis stator current is significantly re-
duced. Among them, the ripple of iy is 3.14 A, 3.02 A, and
3.41 A; the ripple of ¢4 is 4.06 A, 4.18 A, and 4.50 A; and the
THD of ¢, is 2.00%, 1.43%, and 1.63%, respectively. After a
sudden change in the reference value of the speed, the motor
speed follows its reference value after 23.8 ms.
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FIGURE 10. Experimental waveforms of QZSI (V. = 300 V). (a) CMPC strategy. (b) JVVMPC strategy. (c) VVMMPC strategy.

n(400rpm/div) n(400rpm/div) 24 Oms | (400rpm/div) 23 8ms '
AX i = | AY =i I
| !
i,(10A/div) 46.04A _ 5934 i, (10A/div) i 1 523A | i,(10A/div) 14.50A |
3 & N 14.65A = sy 0 h—;?-d
AL : m: P e BRI i, s Y O e e AU SN IO U S S S |
0 1, QOAMIV) [ 6% THD= 234% THD 251% oli, (ggAldw) TTHD 529, FHD=1. 88% THD= 203%i THD- 143% THD= 163%
z 2 n ., 1 1 | i
i | i } I ||| m‘ :MM i i i ’s i I?L ﬁ I %W" “'| | ] W |\| M M \
! H ‘h! 4 Mg A \ |] !k fli! L W J ;VH I 'h
]
- : o e

(1 OOms/div)

T

1(100ms/div)

[ | |.~‘ LT

FIGURE 11. Experimental waveforms of PMSM (V. = 300 V). (a) CMPC strategy. (b) JVVMPC strategy. (c) VVMMPC strategy.
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All other conditions remain unchanged. The reference value
of v is set to remain constant at 255 V, and the corresponding
reference value of Vj,. is 330 V. The comparative experiment
between CMPC strategy and VVMMPC strategy is conducted
again, and the experimental results are shown in Figs. 12—13.
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From Fig. 12(a) and Fig. 13(a), it can be seen that when the
CMPC strategy is applied, the ripple of i1 is 3.78 A, 4.34 A,
4.29 A; the ripple of 7, is 5.40 A, 6.04 A, 6.51 A; and the THD
of i, 18 2.6%, 2.44%, and 2.59%, respectively. From Fig. 12(b)
and Fig. 13(b), it can be seen that when using the JVVMPC
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FIGURE 15. Experimental waveforms by DSO-VVMMPC strategy (V. = 330 V). (a) QZSI. (b) PMSM.

strategy, the ripple of i1, is 3.85 A, 4.30 A, 4.23 A; the ripple of
iqis4.76 A,5.11 A, 5.41 A; and the THD of %, is 2.41%, 2.09%,
and 2.17%, respectively. When using the proposed VVMMPC
strategy, it can be observed from Fig. 12(c) and Fig. 13(c) that
the ripple of i1 is 3.45 A, 3.50 A, and 3.71 A; the ripple of 74 is
4.06 A,4.18 A, and 4.50 A; and the THD of'i, is 2.04%, 1.63%,
and 1.72%, respectively.

Compared with the CMPC and JVVMPC strategies, the
VVMMPC strategy using virtual vector modulation can
achieve better steady-state performance, with significantly
reduced ripples of 711, 74 and the THD of 4,. It is proven that
the strategy of directly calculating the driving signal through
the deadbeat algorithm is feasible and effective, greatly reduc-
ing the computational burden of the control system without
sacrificing computational accuracy.

4.2. Verification of Drive Signal Optimization Method

To verify the accuracy of the proposed drive signal optimization
method, the DSO-VVMMPC strategy is experimentally veri-
fied under the same conditions, and the experimental results
are shown in Figs. 14-15.
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When the reference value of voy is 240V, and proposed
DSO-VVMMPC strategy is used, it can be seen from Figs.
14(a) and (b) that the ripple of i 1,1 is 3.13 A,3.10 A, and 3.38 A;
the ripple of i, is 3.92 A, 4.13 A, and 4.19 A; the THD of ¢, is
1.87%, 1.40%, and 1.52%, respectively. After a sudden change
in the reference value of the speed, the motor speed follows its
reference value after 23.9 ms. When the reference value of vy
is 255V, it can be seen from Figs. 15(a) and (b) that the ripple
of ir1 is 3.29 A, 3.48 A, and 3.80 A; the ripple of 74 is 3.80 A,
3.91 A, and 4.1 A; the THD of i, is 1.91%, 1.27%, and 1.63%,
respectively.

Compared with the proposed VVMMPC strategy, the ripple
of i7,1 in the DSO-VVMMPC strategy that optimizes the driv-
ing signal is almost identical. This is because in the design of
the experiment, the theoretical calculation value of the through
rate dgp, 18 0.2 and 0.227, respectively, and the driving signal of
ST VV is exactly 4 times and 4.5 times of the minimum pulse
width. Due to the small changes in the driving signal, the im-
provement effect of the proposed driving signal optimization
method is not significant.

In addition, compared with the proposed VVMMPC strategy,
the ripple of 7, and the THD of ¢, in proposed DSO-VVMMPC
strategy have been improved to varying degrees, which proves
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TABLE 3. Comparison of steady-state effects under three control strategies.

Operating conditions Control variables CMPC JVVMPC VVMMPC DSO-VVMMPC
T, — 10N-m AAle(A) 3.72 3.48 3.14 3.13
n = 1500 rpm iq(A) 5.69 4.65 4.06 3.92
i THD(%) 2.62 2.29 2.00 1.87
Airi(A 4.18 3.83 3.02 3.10
vor* = 240V Tr, = 15N-m 2%1( )
Aig(A) 6.04 5.01 4.18 4.13
n* = 1500 rpm
i« THD(%) 2.34 1.88 1.43 1.40
I T (R
n = 1800 rpm iq(A) 5. 5. 5 .
i THD(%) 2.51 2.03 1.63 1.52
I R U A
nx = 1500 rpm ia(A) ' ' ' :
1 THD(%) 2.60 241 2.04 1.91
Airi(A 4.34 4.30 3.50 3.48
verk =255V Tp = 15N-m Z.Ll( )
Aig(A) 6.40 5.11 4.45 3.91
n* = 1500 rpm
ia THD(%) 2.44 2.09 1.63 1.27
I B
nx = 1800 rpm ia(A) ' ' ' ‘
1 THD(%) 2.59 2.17 1.72 1.63
TABLE 4. Summary of three control methods.
Strategy CMPC JVVMPC VVMMPC DSO-VVMMPC
Code execution time ~ 0.053ms  0.050 ms 0.033 ms 0.035ms
Switching frequency 5.60kHz  5.40kHz 5.55kHz 5.55kHz
Prediction times 8 3 1 1
Ripple of 1,1 high middle low low
Ripple of 74 high middle low lower
io THD high middle low lower

that this strategy can reduce the total error of driving signal and
improve the accuracy of deadbeat algorithm. It is consistent
with the theoretical analysis in Subsection 3.3.

The control effects of different control strategies under mul-
tiple operating conditions are summarized in Table 3.

The characteristics of different control strategies are summa-
rized in Table 4. It can be seen that the switching frequencies
of the three control strategies are almost the same, and the code
execution time and prediction frequency of the proposed strat-
egy are shorter.

5. CONCLUSION

Aiming at the issues of drive signal errors and high computa-
tional complexity in conventional model predictive control, the
DSO-VVMMPC strategy for QZSI-PMSM system is proposed
in this paper. It can be concluded that the suggested method
has the following advantages verified by theoretical analysis
and experiments.
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1) Compared with the CMPC strategy, the proposed
VVMMPC strategy has better control effect due to the ap-
plication of virtual vector modulation method. The average
reduction in the ripples of i1,1, 7, and the THD of 7, is 17.26%,
27.31%, and 30.98%, respectively.

2) Compared with the CMPC strategy, the proposed
VVMMPC and DSO-VVMMPC strategies directly calculate
the driving signals, which reduces code execution time and the
number of control system predictions.

3) The impact of the minimum pulse width on the accuracy
of the deadbeat algorithm has been effectively reduced by the
proposed drive signal optimization method. Compared with the
VVMMPC strategy, the proposed DSO-VVMMPC strategy re-
duces the ripples of ¢, by an average of 4.49% and reduces the
THD of i, by an average of 8.18%.
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