energies

Article

A Flying Restart Strategy for Position Sensorless PMSM Driven
by Quasi-Z-Source Inverter

Yanfei Cao 1*, Shuxin Xiao % and Zhichen Lin 1

check for
updates

Citation: Cao, Y.; Xiao, S.; Lin, Z. A
Flying Restart Strategy for Position
Sensorless PMSM Driven by
Quasi-Z-Source Inverter. Energies
2022, 15, 3469. https://doi.org/
10.3390/en15093469

Academic Editor: Federico Barrero

Received: 27 January 2022
Accepted: 12 April 2022
Published: 9 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

College of Electrical Engineering, Zhejiang University, Hangzhou 310027, China; linzhichen@zju.edu.cn
School of Electrical and Information Engineering, Tianjin University, Tianjin 300072, China;
xiaoshuxin@tju.edu.cn

*  Correspondence: caoyanfei@zju.edu.cn

Abstract: The accurate estimation of rotor position and speed before flying restart is of great signifi-
cance to improve the operation reliability of permanent magnet synchronous motor systems. The
traditional multizero vector short-circuit method can improve the estimation accuracy of speed and
rotor position, but the increased number of short-circuits reduces the electromagnetic torque response
speed after the power supply recovers. In order to accurately estimate the initial speed and rotor
position before the flying restart and effectively improve the electromagnetic torque response speed,
a shoot-through zero vector short-circuit method based on quasi-Z-source inverter (qZSI) is proposed.
This method breaks the limitation of regulating DC link voltage under the normal operation of the
motor in the conventional methods, and puts forward a new idea of advancing the regulation of
the DC link voltage to the stage of abnormal operation before the motor restarts. By designing the
insertion mode of the mixed vectors and analyzing the action time of each vector before the flying
restart, the accurate estimation of position and speed is realized and, meanwhile, the boost of the
qZSI's DC link voltage is achieved, thus giving the sensorless flying restart method a faster torque
response speed for the PMSM system driven by qZSIs.

Keywords: flying restart method; position and speed estimation; permanent magnet synchronous
motor; quasi-Z-source inverter; abnormal operation

1. Introduction

Permanent magnet synchronous motors (PMSMs) have been widely used in electric
vehicles, rail transportation, and other fields owing to their high power density and high
operation efficiency [1]. To reduce the cost of the PMSM drive system and strengthen its
reliability, the position sensorless control techniques have been widely studied [2-4].

In practical situations, the power supply of the sensorless drive system may be in-
terrupted for a short time due to some unavoidable reasons, such as transient failure of
power system, the temporary protection of the battery management system in electric
vehicles, and the requirement of passing neutral section in the electrical railway traction
system. After the power supply recovers from its momentary interruption, if the sensorless
drive system is directly put into operation again with the motor rotating instead of waiting
the motor to totally stop (which is known as flying restart), the working efficiency and
operating reliability of the system can be significantly improved [5,6]. In the process of
flying restart, the motor speed is usually high and the amplitude of back electromotive
force (EMF) is large. If the traditional sensorless control algorithm is directly adopted, such
as the back EMF methods that are widely applied in the medium- and high-speed ranges,
the inrush stator current may appear with an inaccurate rotor position resulting from the
long convergence time of the estimation algorithm, and in severe cases, the over-current
protection may be triggered and the motor is forced to stop. In order to solve this problem,
much research on how to assist the traditional speed and rotor position estimator with
accurate initial values at every beginning of flying restart has been reported in the literature.
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The zero vector short-circuit method (ZVSM) is a classic method to estimate the speed
and rotor position before flying restart, and it has been widely considered by scholars
in China and abroad [7-14]. The single zero vector short-circuit method is presented
in [7,8], in which a zero vector is applied to the motor immediately after the power supply
recovers to generate controllable short-circuit currents in the stator windings, and then
the initial motor speed and rotor position information are extracted from the measured
stator currents. In [9], a double zero vector short-circuit method is presented by extending
the number of short-circuits and meanwhile the estimation method of the initial speed
is modified, which can not only obtain the value of the initial speed, but also identify
its direction. In [10,11], a three zero vector short-circuit method is presented according
to the characteristics of higher operation speed and longer current sampling period in
traction drive systems, which expands the application range of the ZVSM further. In [12],
considering that the double zero vector short-circuit method depends on d-axis and g-
axis inductance, an improved scheme that only requires motor nameplate parameters is
presented. In [13,14], considering that the sampling of phase current in the ZVSM is easily
affected by harmonic components and electromagnetic interference, a repetitive zero vector
short-circuit method is presented to improve the estimation accuracy of the speed and
rotor position. The ZVSMs mentioned above extend the application range [7-11], reduce
parameter dependence [12], and improve the estimation accuracy [13,14]. However, these
methods need to apply the zero vector for several times to generate stator short-circuit
currents before the motor restarts, which prolongs the time from the recovery of the power
supply to the first rise of the electromagnetic torque to its reference value, thus decreasing
the electromagnetic torque response speed after the power supply recovers.

Since boosting the DC link voltage of the inverter can increase the change rate of
electromagnetic torque, the inverter with DC link voltage regulation ability helps to alleviate
or even eliminate the negative impact of the ZVSMs on the electromagnetic torque response
speed after the power supply recovers [15-17]. The quasi-Z source inverter (qZSI) is a good
candidate to regulate the DC link voltage owing to its wide output voltage range and high
reliability [18,19]. Moreover, compared with the voltage source inverters with a DC-DC
booster in front, qZSI has the advantages of lower volume and cost. However, the qZSI’s
DC link voltage regulation and motor control are coupled, and in the existing literature the
DC link voltage regulation of the qZSI is usually carried out under the normal operation of
the motor [20-24], which is not applicable to the special conditions of abnormal operation
of the motor before the flying restart, which limits the improvement of the electromagnetic
torque response speed after the power supply recovers.

In order to realize the accurate estimation of initial speed and rotor position before the
motor restarts and at the same time effectively improve the electromagnetic torque response
speed after the power supply recovers, this paper breaks the limitation of regulating qZSI’s
DC link voltage under the normal operation of the motor in the conventional methods, and
puts forward a new idea of advancing the regulation of the DC link voltage to the stage of
the abnormal operation before the motor restarts. Based on this idea, a shoot-through zero
vector short-circuit method is proposed further, so as to provide good initial speed and
position for the traditional sensorless estimation algorithm and improve the response speed
of electromagnetic torque for the sensorless PMSM in the flying restart process. The rest of
this paper is organized as follows. In Section 2, the shortcomings of traditional zero vector
short-circuit methods are explained. In Section 3, a mixed vector insert mode with a DC link
voltage preboosting scheme is designed, and the DC link voltage preboosting condition
before flying restart is analyzed. The initial speed and rotor position before the motor
restarts is then estimated. In Section 4, the experiments are implemented. The effectiveness
of the proposed method is verified in Section 5, which is followed by conclusions.

2. Traditional Zero Vector Short-Circuit Method

The ZVSM is a type of method used to estimate the initial speed and rotor position
of the sensorless PMSM before the flying restart. When the power supply recovers after a
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short time interruption, this method short-circuits the stator windings by applying zero
vector to the motor and then extracts the speed and rotor position information from the
stator short-circuit currents. It is an important supplement to the traditional sensorless
control algorithm in the process of flying restart. The control block of the sensorless flying
restart based on the ZVSM is shown in Figure 1.
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Figure 1. Diagram of sensorless PMSM flying restart control scheme based on the ZVSM.

According to the times of zero vector short-circuits, existing methods can be separated
into: single zero vector short-circuit method; double zero vector short-circuit method; three
zero vector short-circuit method; and repetitive zero vector short-circuit method. Increasing
the times of zero vector short-circuits helps to broaden the application range of the ZVSMs
and improve the estimation accuracy of the speed and rotor position. However, as can be
seen from Figure 2, the more times of zero vector short-circuits, the longer the time from the
recovery of power supply to the first rise of the electromagnetic torque to its reference value,
thus reducing the electromagnetic torque response speed after the power supply recovers.
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Figure 2. Influence of different zero vector short-circuit methods on the rise time of electromagnetic
torque after power supply recovery.

3. Proposed Shoot-Through Zero Vector Short-Circuit Method

For the flying restart of the sensorless PMSM fed by qZSI, this paper proposes a
shoot-through zero vector short-circuit method (SZVSM), so as to effectively shorten the
rise time of electromagnetic torque after the power supply recovers while realizing a good
estimation of the speed and rotor position before the motor restarts. In this method, the DC
link voltage is regulated while the initial speed and rotor position are estimated before the



Energies 2022, 15, 3469

40f 15

motor restarts, which breaks the limitation of regulating qZSI’s DC link voltage under the
normal operation of the motor in the conventional methods.

3.1. Design of Mixed Vector Insert Mode with a DC-Link Voltage Preboosting Scheme

Figure 3 shows the equivalent circuit of the gZSI-PMSM drive system. In this figure,
uin is the input voltage of the qZSI; u4. is the DC link voltage of the inverter; ucq and uc
are the voltages of capacitors C; and Cy; and i1 and i1, are the currents of inductors L; and
Ly. Assuming the impedance network consisting of the two inductors and two capacitors is
symmetrical, then L1 =Ly =Land C; =C, =C.
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Figure 3. Equivalent circuit of the PMSM system driven by qZSI.

The qZSI allows the inverter bridge to have a shoot-through state (a state where the
upper and lower tubes of the same bridge arm are simultaneously conducted). In the shoot-
through state, the inductor in the impedance network is charged and the energy stored
in the inductor is released in the nonshoot-through state, thus maintaining the capacitor
voltage in the network and pumping the DC link voltage. Moreover, the shoot-through
vector of the qZSI not only makes the impedance network store energy, but also has the
same effect on the load as the zero vector. According to this characteristic, a mixed vector
insertion mode is designed by utilizing the shoot-through vector, zero vector, and empty
vector. Taking the two short-circuit processes as an example, Figure 4 shows the diagram of
the actions of different vectors before the flying restart. In this figure, V; and V) represent
two basic active vectors, where j, k=1, 2, ..., 6; V, represents the zero vector, where z = 0 or
7; Vi represents the empty vector (empty vector is defined as the vector when all switches
in the inverter bridge are turned off); and V¢, represents the shoot-through vector. With
the mixed vector insert mode, the inverter alternately outputs a shoot-through vector, a
zero vector, and an empty vector before flying restart. Moreover, under the actions of the
shoot-through vector and zero vector, the short-circuit currents are generated in three-phase
stator windings; under the action of the empty vector, the short-circuit currents gradually
decay to zero.
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Figure 4. Equivalent circuit of the PMSM system driven by qZSI.
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As can be seen in Figure 4, on one hand, the shoot-through vector is used to generate
stator short-circuit currents so as to extract the speed and rotor position information before
the flying restart; on the other hand, the shoot-through vector is used to realize the preboost
of the qZSI's DC link voltage. Take et to represent the time required for estimating the
initial speed and position before the motor restarts: ¢; is the time from the restart of the
motor to the first rise of the electromagnetic torque to its reference value; t,cy is the waiting
time for the electromagnetic torque to reach its reference value after the power supply
recovers, and it meets tyoy = test + tr. Under the effect of mixed vectors, the qZSI has ability
to preboost the DC link voltage before the flying restart, so it is possible that the inverter
outputs higher voltage immediately when the motor restarts, thus providing beneficial
condition to shorten fycy.

3.2. Analysis of DC-Link Voltage Preboosting Condition before Flying Restart

With the insert mode of mixed vectors shown in Figure 4, the qZSI has the ability to
preboost the DC link voltage before the flying restart, but it cannot ensure that the DC link
voltage is certainly boosted before the motor restarts. To further analyze the condition for
ensuring the DC link voltage can be boosted before flying restart, the qualitative change in
the qZSI’s inductor current and capacitor voltage under the actions of mixed vectors are
firstly given, as shown in Figure 5.
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Figure 5. Diagram of the variation in i, ucj, and uc, under the mixed vectors.

In Figure 5, ts is the action time sum of short-circuit vectors, including shoot-through
and zero vectors during one short-circuit process; t, is the action time of the empty vector;
ten is the action time of the shoot-through vector during one short-circuit process; dgy¢
is the ratio of the shoot-through vector in the short-circuit vectors; t,, is the sum of the
action time of the zero vector and empty vector during one short-circuit process, i.e.,
tzn = (L—=dgne)tsc + tn; Aipp and Aucr are the increment of the inductor current and capacitor
voltage at the end of the first short-circuit process; and Aijg and Aucs are the increments of
the inductor current and capacitor voltage at the end of the second short-circuit process
with respect to the instant t = 0, respectively.

The DC link voltage of the qZSI satisfies the following relationship under nonshoot-
through state:

Uge = Ucy + Uc 1)



Energies 2022, 15, 3469

6 of 15

From (1), the increment of uq4. at the end of the second short-circuit process can
be represented as 2Aucs. Thus, uy. can be preboosted before the flying restart as long
as Aucg > 0 is satisfied.

In order to facilitate the analysis of the qZSI’s inductor current and capacitor voltage
variations under the actions of mixed vectors, Figure 6a shows the equivalent circuit under
the action of the shoot-through vector; Figure 6b shows the equivalent circuit under the
actions of the zero vector and empty vector.

Ucz ic2 )
- “ + <«— _ lll(l‘z + ica
]
iL| L i ¢ L i r i € I
— L1 L2
¥ = + = ¥ = T -

(a) (b)

Figure 6. Equivalent circuits of the qZSI under different vectors: (a) shoot-through vector; (b) zero or
empty vector.

As shown in Figure 5, the power supply has recovered before the actions of vectors, so
the initial values of state variables at the moment ¢ = 0 can be expressed as

uc2(0) =0 ()

As shown in Figure 6a, the inductor L, is charged by capacitor C; and the inductor L;
is charged by the power supply under the action of the first shoot-through vector from the
moment ¢ = 0. The corresponding state equations can be expressed as

duci(t) _ _ ia(t)

dt e

dugz(t) — _lLlc(t>

diuif) _ uco(t) + U ®)
dt - L L

dita(t) _ uci(t)

d — L

Combining (2) and (3), the state variables can be solved as
MCl(t) = Ujp COS J%f
ucalt) = in(cos At —1) @)

2
i1 (f) = i2(t) = %z sin ﬁt

Afterward, the zero vector is applied at the moment ¢ = d¢tsc. As shown in Figure 6b,
the capacitor C; is charged by inductor L, and the capacitor C; is charged by both the
power supply and inductor L1 under the action of the zero vector. Following the zero vector,
the empty vector is applied. Under the action of the empty vector, there are two possible
cases according to the back EMF amplitude of the motor. In the first case, if the back EMF
amplitude is less than or equal to the voltage of capacitor C;, the DC link current is zero
and the motor will not recharge the impedance network; in the second case, if the back EMF
amplitude is larger than the voltage of capacitor C, there is a reverse DC link current and
the motor will recharge the impedance network, which will increase the capacitor charging
current and then the capacitor voltage further. Comparing the two cases, it is easy to find
that the increment of the DC link voltage in the first case is less than that in the second case.
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Therefore, it is only necessary to ensure that Aucg > 0 is satisfied in the first case. Since the
changes of each state variable in the impedance network under the action of the empty
vector are the same as those under the action of the zero vector, it can be considered that
the equivalent circuits of the qZSI under the zero vector and empty vector are the same.
From Figure 6b, the following state equations are obtained as
duci(t) _ ii(t)

i = C
du§2(t) — ZLZC(t>
t
diny(0) _ _ucy(t) ©)
a L I
dip(t) _ _ uca(t)
dat L

Substituting t = dgp¢tsc into (4), the initial values of the state variables in (5) before the
action of the zero vector can be obtained. Then, the values of state variables at the end of
the first short-circuit process, that is, t = tsc + t,, can be obtained as follows by solving (5):

ucy (tse + tn) = Uin + Uin{cos[wo(tzn — tsn)] — cOs wotzn }

ucy(tse +tn) = uin{cos[a}o(tm — tsn)] — cos wotzn} ‘
it (Fse + tn) = i {sin wotn — sin[wo (Em — fn)]} ©)
ia(tse + tn) = 8= {sin wotsm — sinfwo(tm — tn)]}

where wg = 1/+VLC.

Subtracting (2) from (6), it can be obtained that the increments of the state variables
at the end of the first short-circuit process satisfy Aucy = Aucy = Aucr, Aipg = Aipp = Airg,
where Aucr and Aipr are expressed as

@)

Aucg = um{cos[wo(tzn — tsh)] — COS woi’zn}
Aijp = \/%{Sinwotzn - Sin[WO(tzn - tsh)]}

Similarly, the increments of the capacitor voltage and inductor current at the end of
the second short-circuit process relative to the initial values in (2) can be derived as

Aucg = A”CF [COS[(U()(fzn — tsh)] + l]
+ iy Sin[wo(tzn - tsh)]

]

)

AlLS = AILF [COS[(UO(fzn - tsh) + 1}
A .
- \/z(/% SIH[WO(tzn — fsh ]

®)

By observing (7) and (8), it can be found that Aucp and Aucg are greater than zero
when the following relationship shown in (9) is satisfied:

2kt < Wty — ) < Wolzn < 725 + 2kn )

Since the smaller ¢, is helpful to reduce the rise time of electromagnetic torque after
the power supply recovers, k = 0 is taken in (9).
In addition, it can be seen from Figure 5 that ¢,, and ¢y, can also be expressed as

tn = tn + (1 — denf) tsc
10
{ fsh = dshftsc ( )

Substituting (10) into (9), it can be deduced that

M < dgys < l(Ln_Fl) (11)

1—
tsc 2t
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Thus, the DC link voltage 14, can be preboosted before the flying restart when dgp¢
satisfies the inequality in (11). It should be noted that the inequality is only a sufficient
condition to ensure Aucg > 0, which is helpful to save much calculation burden and
complicated analysis in engineering application.

3.3. Initial Speed and Position Estimation before Flying Restart

In Section 3.2, according to the principle of ensuring that the DC link voltage is
preboosted before the flying restart, the constraints that the duty cycle of the shoot-through
vector should satisfy are derived. On this basis, by analyzing the influence of different
vectors on the stator current, the initial speed, and rotor position before the motor restarts
are extracted.

As the shoot-through vector has the same effect on the load as the zero vector, the
short-circuit currents in three-phase stator windings is generated by applying the shoot-
through vector and the zero vector to the inverter in turn; then, the short-circuit currents
gradually decay to zero by applying the empty vector. Figure 7 shows the principle of
obtaining the initial speed and position before the motor restarts under the actions of
different vectors.

v Supply Recoverym v Flying Restart
| ] {i
—®— &) ' >

Coasting—><— Estimating Initial, Speed & Position —

Vector : Ven

Va

Vll Vsh Vz Vn

1| I Sampling I, Sampling
sc

iscp

5 O

5

I Positive
Direction

Ala

Figure 7. Principle of obtaining initial speed and rotor position under the proposed SZVSM.

As shown in Figure 7, |Isc | is the amplitude of stator phase current vector; iscp is the
peak value of the short-circuit phase current vector’s amplitude; Is; and I represent
short-circuit phase current vectors after the first and second actions of the shoot-through
vector and zero vector, respectively; 011 and 6y, are the phase angles of I, and Iy relative
to axis A in the three-phase stator coordinate system, respectively; 0 is the phase angle of
I relative to d-axis in dq coordinate system; and 6, is the rotor position angle.

It can be seen from Figure 7 that Iy and I, are obtained by sampling the phase
current at the end of the actions of short-circuit vectors. The phase angles of I.; and I
relative to A axis are expressed as follows by coordinate transformation:

Oy = arctan(l,ﬁ—k) (12)
Lok

wherek =1, 2.
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Since the interval between the twice short-circuit current samplings is t, + ts, the
average electrical angular frequency during this interval can be expressed as

_ _bp—bn
== 13
¢ st (1%
It should be noted that (13) holds under the condition that

s
tsc + tn

Wemax < (14)
where wWemax is the maximum electrical angular velocity.

In general, t, + ts is much less than the mechanical time constant of the motor, so
it can be considered that the average electrical angular velocity w. in the two short-
circuit processes is approximately equal to the initial electrical angular velocity weini when
the motor restarts; that is, We ~ wein;- Then, the initial speed before the flying restart
is obtained as 30

w
Nipni = £ (15)
pm

In order to obtain the rotor position further, the voltage equations in the d—q axis
coordinate system are given as

ug | _ | Re+ply —welq iq 0
[ Ug } - { welqg  Rs+pLq || iq T wetpr| (16)

where ug4, uq, i3, and iq are the stator voltages and currents of the d-axis and g-axis,
respectively; Rs is the stator resistance; Lq and Lq are the equivalent inductances of the d-axis
and g-axis; we is the electrical angular velocity; ¢ is the permanent magnet flux; and p is the
differential operator. Under the actions of the shoot-through and zero vectors, g4 = 1q =0
and the initial values of the d-axis and g-axis currents are also zero, i.e., ig(0) = iq(0) = 0.
Furthermore, considering the short-time s is far less than the time constant Lq/Rs, Rs can
be neglected, approximately. Substituting ug = uq = 0, iq(0) = i4(0) = 0 and Rs = 0 into (16),
it can be deduced that

[ iq(tse) } _ _%(1 — COS Welg) 17)
iq(tsc) —Ll/% sin wetsc
From (17), it can be obtained as
iq(t L sinwet
p = arctan ,q( sc) — arctan -4 511 Welsc (18)
iq(tsc) Lq(1 — cos Wetsc)

From Figure 7, the rotor position angle at the second sampling instant of the short-
circuit current is
fe = 012 — 6o (19)

According to Figure 7, the interval between the moment of the second current sampling
and the moment when the motor restarts is f,. Since ty, is very small, 6 at the moment of
the second current sampling is approximately considered as the initial rotor position angle
Beini at the instant of flying restart.

4. Implementation and Experimental Results

The diagram of the sensorless flying restart control scheme based on the proposed
SZVSM is shown in Figure 8.

The classical vector control strategy with speed and current double-closed loop is
adopted to drive the motor. Moreover, the speed loop controller’s parameters are set as
knp = 0.025 and ky; = 0.1, and the current loop controller’s parameters are set as kj, = 0.025
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and k;; = 0.1. Considering the motor usually runs at medium and high speed in the process
of flying restart and the back EMF amplitude is large, the traditional sensorless control
algorithm based on back EMF observation is adopted to obtain the speed and position of
the motor during normal operation, and illustrates the role of the SZVSM during the flying
restart. As shown in Figure 8, the back EMF is first obtained by an adaptive sliding mode
observer [25]. After the back EMF obtained passes through the phase-locked loop (PLL),
the electrical angular velocity of the motor can be obtained, and then the estimated value
of the rotor position . can be obtained after integrating .. When the power supply is
interrupted, the variables in the PI regulator and the integrator used for acquiring 6, in
the PLL are cleared, which may cause a large deviation of the speed and rotor position
estimated by the traditional back EMF method after the power supply recovers. To better
meet the operating demand of flying restart of the motor, the proposed SZVSM should
be used first to obtain the accurate initial speed and position before the motor restarts,
and then it provides good initial values for the regulator and integrator in the PLL. In
this way, after the power supply recovers from the interruption, the traditional sensorless
algorithm based on back EMF observation can come into normal state soon, thus sustaining
the PMSM to restart normally without causing large inrush stator currents.

- +
2
o_{YYY\ +’YYY\
+ - -+
L So Ly
+
Uin C, = Udc
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* *¢£
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0. id u
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VB 4_%)4 - ip
> Adaptive algorithm sen() | | —ABc [€

Figure 8. Diagram of sensorless flying restart control scheme based on the proposed SZVSM.

To verify the feasibility and effectiveness of the proposed method, the experiments
are carried out on a 2.3 kW surface-mounted PMSM with a 1500 r/min rated speed and
a 15 Nm rated torque. The prototype of the experimental system is shown in Figure 9.
In the control unit, a DSP (TMS320F28335) is employed for realizing the major control
algorithm and an FPGA serves as the role to accomplish auxiliary tasks, such as protection
and communication. The insulated gate bipolar transistors (IGBTs) used in the qZSI is
FF450R12ME4 and the phase current sensors installed are CHB-50A. The basic parameters
of the PMSM and qZSI are shown in Table 1. In addition, the load of the tested motor is
provided by a dynamometer driven by a SIEMENS 5120 inverter.
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Figure 9. Diagram of experiment prototype.

Table 1. Parameters of PMSM and QZSI.

Parameters Symbol Value Unit
Rated power Pn 2.3 kW
Rated voltage Uy 220 v
Rated current IN 10 A
Rated torque ™~ 15 Nm
Rated speed nN 1500 r/min
Pairs of poles p 2

Permanent-magnet flux P 0.5 Wb
Stator resistance Rg 0.635 (@)
Stator inductance Ls 4.025 mH
PWM carrier frequency fe 5 kHz
Z-Source inductance Lq, Ly 500 uH
Z-Source capacitance Cq1, G 500 uF

4.1. Comparative Experiment on Response Speed of Electromagnetic Torque in Flying

Restart Process

The proposed SZVSM can effectively improve the response speed of the electromag-
netic torque in the process of flying restart. The time f;., from the recovery of power
supply to the first rise of the electromagnetic torque to its reference value is first compared
among the traditional ZVSM, the combination scheme of the ZVSM and the dc-link voltage
boosting after flying restart, and the proposed SZVSM. The parameter settings of three
methods are shown in Table 2, in which dgy¢ is the ratio of the shoot-through vector in the
short-circuit vectors during one short-circuit process before the motor restarts, and dg, is
the duty cycle of the shoot-through vector after the motor restarts.

Table 2. Parameter settings of the three methods.

Methods tsc/us ta/us dgng dgsn
Traditional ZVSM 150 350 0 0
Combination scheme 150 350 0 0.1

Proposed SZVSM 150 350 0.7 0.1

In the experiment, the input voltage of the qZSI is set as uj, = 315 V. The dc-link
voltage control is adopted by open-loop mode before the motor restarts; when the PMSM
system driven by the qZSI operates normally after the flying restart, a double closed control
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sampling Interval:

method with inner inductor—current loop and outer capacitor—voltage loop is adopted by
the qZSI.

During the operation of the motor with rated speed 1500 r/min, all the switches of the
qZSlI are turned off intentionally for a short period to simulate the momentary interruption
of power supply. After 2 ms, all switch signals are re-enabled to simulate the recovery of
the power supply. For comparison, Figure 10 shows the experimental waveforms during
the flying restart under the traditional ZVSM, the combination scheme of the ZVSM and
the dc-link voltage boosting after flying restart, and the proposed SZVSM.
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Figure 10. Experiments to compare the response speed of the electromagnetic torque in the flying
restart process under three methods: (a) traditional ZVSM; (b) combination scheme of the ZVSM and

the dc-link voltage boosting after restart; and (c) proposed SZVSM.

As shown in Figure 10, AU, BU, and CU represent the switching signals of the power
devices in the inverter’s upper arms; AD, BD, and CD represent the switching signals of
the power devices in the inverter’s lower arms; 7 is the actual motor speed; Te yef and Te
are the reference value and actual value of the electromagnetic torque, respectively, and
Te_ref is also the output of the speed controller; 14 is the g-axis stator voltage and also the
output of the g-axis current controller; and i, and ug4, are the inductor current and dc-link
voltage of the qZSI, respectively.

Comparing Figure 10a,c, it can be seen that the time f;., from the recovery of the
power supply to the first rise of the electromagnetic torque to its reference value is 3.2 ms
under the traditional ZVSM, while f,.y is shortened to 2.2 ms under the proposed SZVSM.
As shown in Figure 10, the output uq of the g-axis current regulator reached the saturation
value after the motor restarts, indicating that the output voltage of the inverter cannot be
increased any more by increasing the modulation index in the linear modulation area of the
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inverter at this time. Thus, the reason for the obvious reduction in f,., under the proposed
SZVSM is that the dc-link voltage is boosted.

It should be noted that the way of boosting dc-link voltage in the proposed method is
different from that in the conventional method. In the conventional control of the gZSI, the
boost of the dc-link voltage is carried out under the normal operation of the motor. That is,
the shoot-through vector must be inserted after the motor restarts. However, the proposed
method can achieve the boost of the dc-link voltage before the motor restarts (which is also
called preboost). By comparing Figure 10b,c further, it can be seen that the dc-link voltage
boosted at the moment when the motor restarts by adopting the proposed method, while
under the combination scheme, the dc-link voltage starts to rise slowly after the motor
restarts. Although the time t..y is shorten to 2.6 ms, as shown in Figure 10b, compared
with ¢y = 3.2 ms indicated in Figure 10a, it is still longer than t,., = 2.2 ms that is shown
in Figure 10c.

To summarize, the experimental results illustrate that the preboost of the qZSI’s dc-link
voltage during the abnormal operation of the motor can be achieved under the proposed
SZVSM, which effectively shortens the time required for the electromagnetic torque to
reach its reference value after the power supply recovers, so that it gives the sensorless
flying restart method a faster torque response speed when applied in the PMSM system
driven by qZSIs.

4.2. Experiment on Initial Speed and Position Estimation before Flying Restart

The proposed SZVSM can make up for the insufficiency of the traditional ZVSM in
the electromagnetic torque response speed, but the basic goal of these two methods is to
complete the estimation of the initial speed and position before the motor restarts. Thus,
the performance of these two methods in estimating the initial speed and rotor position is
compared. In accordance with the experimental conditions in Section 4.1, the experimental
waveforms obtained are shown in Figure 11.
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Figure 11. Experiments to compare the estimation of the initial motor speed and rotor position under
different methods: (a) traditional ZVSM; (b) proposed SZVSM.

As shown in Figure 11, the meaning of the symbols AU, AD, BU, BD, CU, and CD are
the same as those in Figure 10; i, i, and ic are the three-phase stator currents; nj,; and
Beini are the estimated values of the initial speed and rotor position, respectively; and n and
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B are the actual speed and rotor position obtained by the position sensors, respectively,
which are comparisons to evaluate the accuracy of the estimated values. According to
Figure 11, an error analysis is made on the initial speed and rotor position estimated by
the traditional ZVSM and proposed SZVSM, respectively, as shown in Table 3. As can be
seen from Table 3, the estimation accuracy of the initial speed is slightly decreased in the
proposed SZVSM compared with that in the ZVSM, while the estimation accuracy of the
initial rotor position is slightly improved. Considering the uncertainty of sampling error
within a certain range, it can be considered that the performances of the two methods in
terms of initial speed and rotor position estimation are basically the same.

Table 3. Estimated error of initial speed and rotor position.

Traditional ZVSM Proposed SZVSM
Speed Position Speed Position
Estimated value 1066.2 r/min 4.23 rad 1038.6 r/min 4.37 rad
Actual value 1082.5 r/min 4.41 rad 1069.8 r/min 4.53 rad
Absolute error —16.3 r/min —0.18 rad —31.2 r/min —0.16 rad
Relative error —1.5% —4.1% —2.9% —3.5%

5. Conclusions

In this paper, a shoot-through zero vector short-circuit method is proposed for the
flying restart of the sensorless PMSM driven by qZSI. The proposed method achieves
important progress in the following aspects:

(1) The qZSI's dc-link voltage is regulated while the initial speed and position are esti-
mated before the motor restarts, and it breaks the limitation of regulating the qZSI’s
dc-link voltage during the normal operation of the motor in conventional methods.

(2) The proposed method can realize the accurate estimation of the initial speed and posi-
tion before the motor restarts, which provides good initial values for the traditional
sensorless estimation algorithm.

(3) The proposed method realizes the preboost of the qZSI’s dc-link voltage during the
abnormal operation before the motor restarts, which improves the response speed of
electromagnetic torque for the sensorless PMSM in the flying restart process.

The proposed method is especially suitable for applications such as electric vehicles
and servo spindles that require both flying restart and higher electromagnetic torque
response speed. However, it should be noted that this method does not consider the
influence of control loop delay and motor parameter variation on rotor position estimation
error. In order to enhance the estimation accuracy, further research can be carried out from
the aspects of control delay compensation, parameter identification, and multizero vector
insertion, among others.
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