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Abstract—Non-line-start permanent magnet synchronous ma-
chines (NLSPMSMs) are normally considered not able to operate
stably under grid drive. However, this paper proposes an effective
control strategy to achieve soft start and synchronous switching of
NLSPMSMs from inverter to grid drives so that to extend the appli-
cation field. The system electromechanical model during switching
is deduced and analyzed numerically to verify the stability under
grid drive. For the control strategy, model-based sliding-mode ob-
server is adopted during soft start for low-cost position sensorless
drive, and two digital phase lock loops are used to obtain the phases
of grid and inverter voltages for phase tracking. Experiments are
carried out on five NLSPMSMs with different rated powers and
velocities, and test results show that all these prototypes can be
safely switched to grid drive and robust to load variation. Tested
waveforms are coincident with numerical analysis, and the sys-
tem efficiencies of NLSPMSMs under inverter and grid drives are
compared.

Index Terms—Nonline-start permanent magnet synchronous
machine (NLSPMSM), system stability, soft start, synchronous
switching.

NOMENCLATURE

ωm Electric rotating velocity of NLSPMSM.
ωg Electric rotating velocity of grid, in this paper, ωg =

100π rad/s.
θ Torque angle between grid voltage and rotational q-

axis of NLSPMSM.
θg Initial torque angle under inverter drive.
θ0 Initial torque angle at the time of switching to grid

drive.
ωm0 Initial electric rotating velocity of NLSPMSM at the

time of switching to grid drive.
p Number of pole pairs of NLSPMSM.
Ld,q D- and q-axis inductances of NLSPMSM.
R1 Phase winding resistance of NLSPMSM.
ψf Permanent magnet flux linkage of NLSPMSM.
J Mechanical inertia.
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kD Damping coefficient of friction resistance.
tf Switching dead time between two contactors.
⇀
ugrid Synthetic vector of grid phase voltages.
Ugrid

√
3/2 times of the magnitude of ⇀

ugrid .
ugα,gβ Clarke components of grid line voltages.
umα,mβ Clarke components of inverter line voltages.
θgv Grid voltage phase obtained from phase-locked loop

(PLL).
θmv Inverter voltage phase obtained from PLL.
∗ Superscript ending with ∗ indicates reference value

for control.
R, S, T Subscript ending with R, S or T indicates grid param-

eters.
U, V, W Subscript ending with U, V or W indicates inverter

parameters.

I. INTRODUCTION

P ERMANENT magnet synchronous machines (PMSMs)
have been widely used because of high efficiency, high

power factor, and excellent dynamic performance [1]. Tradi-
tionally, line-start PMSMs (LSPMSMs) with short-circuited
rotor rings or damping windings can start online and be di-
rectly driven by grid [2]–[6]. However, they usually suffer from
large start current and poor dynamic performance caused by
asynchronous torque, and the negative torque generated by per-
manent magnets lowers the starting and synchronization capa-
bilities during transient state [7], [8]. Besides, the large start
current and asynchronous velocity during direct online start
may cause demagnetization of permanent magnets [9]. Many
researchers have attempted to overcome these disadvantages
of LSPMSMs. However, simultaneously achieving high start
torque, good synchronization capability, and excellent steady-
state characteristics still remains unsolved and compromises
are inevitable during optimization [10], [11]. Because of these
drawbacks, LSPMSMs are receiving less attention, and hence
induction machines (IMs), despite of their low efficiency, defeat
PMSMs in constant speed drives.

PMSMs without damping windings, or non-line-start PMSMs
(NLSPMSMs) are capable of excellent dynamic performance
and super premium efficiency. However, they cannot start online
because of no asynchronous torque, and may lose out of step
without proper control. Therefore, they are mostly operated by
inverters [12]. To improve the efficiency of constant speed drives
and extend the application fields of NLSPMSMs, this paper
investigates the system stability numerically and proposes an
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Fig. 1. System configuration for soft start and synchronous switching of NLSPMSM.

effective control strategy to operate NLSPMSMs from inverter
to grid drives.

Because NLSPMSMs cannot start online, inverter-aided soft
start is necessary. Even for IMs or LSPMSMs, soft start is pre-
ferred because direct online start results in severe transients
in the machine and associated power system, which cannot be
prevented by correct protection settings. Especially to prevent
stator end-winding failure caused by the force proportional to
the square of phase current, decreasing the starting current is
the sole solution. To meet the increasing demand of less shock
to the grid and less damage to the machine, soft start has been
widely adopted in IMs and LSPMSMs. Soft start is often de-
fined as a technology that provides adjustable voltage to the
machine either by mechanical or power electronic devices [13].
Common methods for soft start are using Korndorfer-reduced
voltage autotransformer or using autotransformer with capac-
itor assist [14]–[16], power electronic-aided reducing voltage
starters [17], star-delta soft start [18], [19], adjustable voltage
and frequency starting methods [20]–[26], etc. With the devel-
opment of power electronics and advanced control strategies,
inverter-aided soft start has become widely accepted because of
high dynamic performance and small start current.

In this paper, the methodology of soft start and synchronous
switching of NLSPMSMs is proposed and NLSPMSMs are
first reported to operate stably under grid drive. The system
configuration is first presented in Section II. Then, the system
electromechanical model is built and solved numerically to dis-
cuss the system stability during switching. Later in Section V,
a control strategy including both position sensorless soft start
and PLL-aided phase tracking are proposed. Finally, five NL-
SPMSM prototypes with different rated powers and velocities
are successfully switched to grid drive, and the efficiencies of
NLSPMSM systems under grid drive are tested to be higher than

those of inverter especially at high loads, hence, more efficient
control strategy of NLSPMSMs can be designed.

II. SYSTEM CONFIGURATION

The system configuration for soft start and synchronous
switching of NLSPMSMs is shown in Fig. 1. During soft start,
contactor K2 is open and K1 is closed so that NLSPMSM is
driven by inverter. To reduce the system cost, mechanical po-
sition sensor is eliminated and hybrid sensorless control, espe-
cially the electromotive force (EMF) model-based sliding-mode
observer (SMO) is used to estimate the rotor position and ve-
locity at medium and high speed [27], [28]. The magnitude of
inverter output voltage is adjusted by d-axis current reference
i∗d , and the frequency and phase are regulated by the velocity
reference ω∗

m . The detailed control strategy for switching will
be discussed in Section V.

Grid voltage information is obtained from the voltage ac-
quisition card and processed via analog-to-digital converter for
switching control. When the inverter and grid voltages share
close magnitude, frequency, and phase, two switching signals
are exerted through digital output to first turn off contactor K1
and then turn on contactor K2. Several milliseconds of switch-
ing dead time are essential to avoid current flowing back from
grid to inverter. Normally, the contactor turn-on time is longer
than turn-off time, and hence the two switching signals can be
generated simultaneously. A reactor or isolation transformer be-
tween contactor K1 and inverter is optional in case the switching
dead time is so short that the inverter is short-circuited. In this
paper, the switching dead time is long enough, and hence the
reactor is not necessary. As the NLSPMSM is out of inverter
control during grid drive, a bus breaker with proper capacity
is necessary for overcurrent protection. Note that the inverter
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Fig. 2. Vector diagram of grid voltage in rotational d–q axis of NLSPMSM.

output voltages should be in the same sequence as those of the
grid to drive the NLSPMSM in the same direction.

In this paper, an IM driven by a four-quadrant converter is
used for load. The NLSPMSM system efficiency is tested from
a power analyzer by measuring the grid input electric power
and mechanical output power so that the inverter loss is also
considered.

III. ELECTROMECHANICAL MODEL DURING SWITCHING

The system electromechanical model during switching con-
sists of three parts, i.e., grid voltages, NLSPMSM voltages, and
mechanical coupling. The respective models are deduced in this
section, from which the state equation during switching from
inverter drive to grid drive is obtained.

A. Grid Model in Voltage Equations

The vector diagram of grid voltage is drawn in rotational d–q
axis as shown in Fig. 2, where

⇀
ugrid =

2
3

(
uR + uS ej 2 π

3 + uT ej 4 π
3

)
(1)

is the synthetic grid voltage vector. uR , uS , and uT are the grid
three-phase voltages in instantaneous values

⎧
⎪⎪⎨

⎪⎪⎩

uR = 311 cos (2π · 50 · t)
uS = 311 cos (2π · 50 · t − 2π/3)

uT = 311 cos (2π · 50 · t − 4π/3)

(2)

where 311 V is the magnitude of grid phase voltages in this
paper, and 50 Hz is the typical frequency.

The phase angle between ⇀
ugrid and rotor q-axis is defined as

θ, which is known as the torque angle. After switching to grid
drive, θ satisfies

θ =
∫ t

0
(ωg − ωm )dt + θ0 (3)

where θ0 is the initial torque angle when contactor K2 is closed,
i.e., t = 0. ωg and ωm are the electric rotating velocities of grid
and inverter voltage vectors, and ωg = 100π rad/s

ωm = 2π
np

60
(4)

where n is the mechanical velocity of NLSPMSM in r/min value,
and p is the pole pairs.

By decoupling ⇀
ugrid into rotational d- and q-axis voltages of

NLSPMSM as referred to Fig. 2, we have
{

ud = −Ugrid sin θ

uq = Ugrid cos θ
(5)

where Ugrid is defined as
√

3/2 times of the magnitude of ⇀
ugrid ,

Ugrid ≈ 380V. After switching to grid drive, the machine is
driven by the voltages in (5). Before that, ud and uq are both
zero because of the switching dead time between two contactors.

B. PMSM Model in Voltage Equations

The NLSPMSM model in voltage equations is
⎧
⎪⎪⎨

⎪⎪⎩

ud = Ld
did
dt

+ R1id − ωm Lq iq

uq = Lq
diq
dt

+ R1iq + ωm Ldid + ωm ψf

(6)

where Ld and Lq are the d- and q-axis inductances and R1 is
the stator resistance. ψf is the PM flux linkage.

After switching to grid drive, i.e., t ≥ 0, ud and uq in (5)
and (6) are equivalent. Therefore, the electric system equations
under grid drive are derived as

⎧
⎪⎪⎨

⎪⎪⎩

−Ugrid sin θ = Ld
did
dt

+ R1id − ωm Lq iq

Ugrid cos θ = Lq
diq
dt

+ R1iq + ωm Ldid + ωm ψf .

(7)

C. PMSM Mechanical Model

The general mechanical equation is

J
d (ωm /p)

dt
= Tem − TL − TD (8)

where J is the system inertia, Tem is the electromagnetic torque
of NLSPMSM

Tem = p [ψf iq + (Ld − Lq ) idiq ] . (9)

TL is load torque and TD is the friction resistance torque
proportional to rotating velocity

TD = kD ωm (10)

where kD is the damping coefficient of friction resistance.
Therefore, the mechanical model of NLSPMSM is

dωm

dt
=

p2

J
[ψf iq + (Ld − Lq ) idiq ] −

p

J
TL − p

J
kD ωm .

(11)

D. System Electromechanical Model

Combining (3), (7), and (11), we can derive the system state
equations of NLSPMSM after switching to grid drive as (12).
Obviously, the deduced equations are highly nonlinear, and need
to be solved numerically. Before that, the initial values of state
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variables should be known
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

i̇d =
1
Ld

(−Ugrid sin θ − R1id + ωm Lq iq )

i̇q =
1
Lq

(Ugrid cos θ − R1iq − ωm Ldid − ωm ψf )

ω̇m =
p2

J
[ψf iq + (Ld − Lq ) idiq ] −

p

J
TL − p

J
kD ωm

θ̇ = ωg − ωm.

(12)

E. Initial Values of State Variables

The initial values of state variables are needed to solve (12).
To avoid current flowing back from grid to inverter, there is ade-
quate switching dead time between contactor K1 and K2, during
which the NLSPMSM is stopping freely. Therefore, when con-
tactor K2 is closed, there is no current in windings and hence

id0 = iq0 = 0. (13)

The initial value of ωm and θ is dependent on the switching
dead time for free stop. According to (3) and (11), the mechan-
ical state equations during free stop is

⎧
⎪⎪⎨

⎪⎪⎩

dωm

dt
= − p

J
TL − p

J
kD ωm

dθ

dt
= ωg − ωm .

(14)

The initial values of ωm for (14) at the time when contactor
K1 is open should be the same as grid voltage vector velocity
ωg , which is one of the major tasks for switching control. And
the initial value of θ for (14) is assumed as θg which is the torque
angle for stable operation under inverter drive. Before switching,
the inverter voltage vector is controlled in the same phase as
grid. Therefore, θg is also the angle between grid voltage and
rotational q-axis. Therefore, the Laplace transformation of the
first equation in (14) is

J

p
(sΩm − ωg ) = −TL

s
− kD Ωm (15)

and hence

Ωm =
ωg + TL

kD

s + p
J kD

−
TL

kD

s
. (16)

Adopting inverse Laplace transformation, ωm during free stop
is solved as

ωm =
(

ωg +
TL

kD

)
e−

p
J kD tf − TL

kD
. (17)

After free stop time tf , the inverter voltage electric velocity
at the time when contactor K2 is closed is obtained as

ωm0 =
(

ωg +
TL

kD

)
e−

p
J kD tf − TL

kD
. (18)

TABLE I
PARAMETERS OF NLSPMSM PROTOTYPES

Parameters of NLSPMSM prototypes

Rated power (kW) 2.2 5.5 7.5 15 37
Rated frequency (Hz) 50
Rated current (A) 4.5 10 13 25 61
Winding Connection Wye Delta
p 3 2 1 3 3
Ld (mH) 32 55 70 21 10
Lq (mH) 62 159 232 58 49
R1 (Ω) 2.6 2.3 1.9 0.6 0.3
ψf (Wb) 1.014 1.853 1.781 1.858 1.985
J (kg·m2) 0.15 1.00 0.99 1.17 1.60
kD (N·m·s/rad) 0.001 0.006 0.005 0.011 0.029
tf (ms) 20 20 20 30 30

Fig. 3. Numerical calculation after switching to grid drive based on the 37 kW
NLSPMSM with parameters listed in Table I. (a) Calculated mechanical veloc-
ity. (b) Calculated line currents. (c) Calculated d-axis current. (d) Calculated
q-axis current.

The torque angle between grid voltage and rotor q-axis when
contactor K2 is closed can be obtained from integration

θ0 = θg +
∫ tf

0
(ωg − ωm ) dt

= θg +
(

ωg +
TL

kD

)(
tf +

e−
p
J kD tf − 1

p
J kD

)
(19)

where ωm satisfies (17).

IV. NUMERICAL ANALYSIS OF SYSTEM STABILITY

The deduced nonlinear state equations are solved numeri-
cally using fourth- and fifth-order Runge–Kutta algorithm on a
37 kW NLSPMSM prototype with parameters listed in Table I.
The calculated results are shown in Fig. 3. It can be seen the
mechanical speed is convergent, and the system is stable after
switching to grid drive. The switching dead time not only causes
delays in motor speed and phase, but also clears the armature
current. When grid voltage is applied, a transient process is nec-
essary to form current, as (12) shows. If the four state variables
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Fig. 4. Numerical calculation results for tf = 300 ms. (a) Calculated me-
chanical velocity. (b) Calculated line currents. (c) Calculated d-axis current. (d)
Calculated q-axis current.

in (12) can converge to stable values, the system is also stable.
Basically, short switching time and proper parameter configura-
tions are helpful for stability. Otherwise, if the switching dead
time tf is enlarged to 300 ms, the switching will fail as shown
in Fig. 4. The mechanical speed diverges gradually and the pro-
totype finally losses out of step. The phase current goes more
than six times of the rated and the d-axis current oscillates with
frequency of about 50 Hz, which may cause demagnetization
and permanent damage to the machine.

Besides switching dead time, phase tracking between inverter
and grid voltages is also crucial for safe switching, which is
different from IMs and LSPMSMs. For IMs and LSPMSMs,
phase tracking is not necessary because the rotor can be auto-
matically dragged into synchronization with the help of rotor
damping windings. However, for NLSPMSM, if the inverter
voltage phase is not controlled close to the grid, for example
with error of 30° ahead, the machine will lose out of step after
switching, as shown in Fig. 5. During phase tracking, the fun-
damental magnitude of inverter output voltage should be close
to that of grid so that the torque angles under inverter and grid
drives are also close. Note that the inverter output fundamen-
tal voltage is mostly smaller than the grid; hence, there is an
inevitable error in torque angle. The tiny error is acceptable
for safe switching. However, when the inverter output voltage
before switching is too small, the flux-strengthening current in
d-axis will be needed.

Therefore, for a fixed NLSPMSM system, it is vital to min-
imize the switching dead time between contactor K1 and K2,
and control the inverter output voltages in the same phase and
magnitude as grid.

V. CONTROL STRATEGY FOR SWITCHING

To reduce the system cost, position sensorless control of
NLSPMSM prototypes is adopted during inverter drive. Since

Fig. 5. Numerical calculation results when inverter voltage phase is 30° ahead
of the grid at the time of switching. (a) Calculated mechanical velocity. (b)
Calculated line currents. (c) Calculated d-axis current. (d) Calculated q-axis
current.

Fig. 6. Diagram for rotor position detection using EEMF model-based SMO.

motors are switched at their rated speed, the model-based
method is adequate enough for position detection. Then, phase
tracking between inverter and grid voltages is discussed and
synchronous switching technic is implemented.

A. Model-Based Position Sensorless Control

In this paper, SMO is designed based on the extended EMF
(EEMF) model of IPMSM [29]–[31]. Both currents and EEMF
are observed from SMO, and rotor position is obtained using
PLL. The algorithm diagram is shown in Fig. 6, where the SMO
is implemented as

⎡

⎣
˙̂i

˙̂e

⎤

⎦ =

[
Â11 A12

0 Â22

]

·
[
î

ê

]

+

[
B1

0

]

u + K · F (s) .

(20)
In (20), î =

[
îα îβ

]T and ê =
[
êα êβ

]T are estimated
currents and EEMF in stationary coordinate. u = [uα uβ ]T

is transformed from reconstructed voltages. s = [iα − îα
iβ − îβ ]T . Â11 = −R1

Ld
· I + ω̂m

Ld −Lq

Ld
· J, A12 = −B1 =

− 1
Ld

· I, and Â22 = ω̂m · J, where I =
[

1 0
0 1

]
and J =
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Fig. 7. Control diagram for phase tracking.

[
0 −1
1 0

]
. K is the gain matrix of SMO. F(·) can be a satu-

ration or sigmoid function.

B. Phase Tracking and Switching

It is the key principle to control inverter output voltages
closed to grid voltages in frequency, magnitude, and phase for
safe switching. The former two are much simpler because the
mechanical velocity and space vector voltage can be precisely
controlled close to the grid with proper velocity reference ω∗

m

and d-axis current reference i∗d . Therefore, only phase tracking
is discussed. The phases of grid and inverter voltages are ob-
tained from two PLLs as shown in Fig. 7, where frequency f1
in PLL helps achieve faster regulation. Grid Clarke components
ugα and ugβ are transformed from collected grid line voltages
obtained from the voltage acquisition card. The output line volt-
ages of general two-level three-phase voltage-source inverters
lead phase voltages of π/6 with magnitude of

√
3 times. There-

fore, the Clarke components of inverter line voltages umα and
umβ are transferred from phase voltage references u∗

α and u∗
β

for SVPWM as
[

umα

umβ

]

=
√

3

[
cos π

6 − sin π
6

sin π
6 cos π

6

] [
u∗

α

u∗
β

]

=
√

3
2

[√
3u∗

α − u∗
β

u∗
α +

√
3u∗

β

]

. (21)

With proper designed PLL parameters, the phases of grid
and inverter voltages, i.e., θgv and θmv can be obtained. The
phase difference between θgv and θmv is treated as velocity
adjustment of NLSPMSM for phase tracking. When the phase
error Δθ is closed to zero, the switching condition is met and
inverter outputs two digital signals for switching contactors.
Note that contactor turn-on time is usually larger than turn-off
time. Therefore, control signal for contactor K2 is generated no

Fig. 8. Switching signal and actuation sequence of contactors.

later than that for contactor K1 so that to minimize the switching
dead time. After generating the two signals, inverter pulse width
modulation (PWM) is disabled for safety.

C. Behavior of General AC Contactors

Numerical analysis has shown that the switching dead time
between two contactors is significant for safe switching. How-
ever, general ac contactor used in this paper cannot response
immediately to its control signal. When ac excitation signal is
applied, it will take several times of collision for the contacts to
finally close because of bouncing effect, and the power-on phase
of ac voltage signal also affects the speed of contactor movable
parts [32]. When excitation is cut off, for inductance load such
as motor, the contactor cannot open immediately when there is
working current. If the working current is very large, sharply
cutting down the excitation signal will cause arc and further
delay the open time. The detailed principle and modeling of
ac contactors can be referred to [32]–[34]. In this paper, only
the external characteristic of ac contactor, i.e., total switching
dead time is concerned. For no-load switching when the work-
ing current is small, the contactor open time is usually shorter
than close time. Therefore, the switching signals for the two
contactors can be exerted simultaneously to get a short and safe
switching dead time as shown in Fig. 8, especially for general
ac contactor whose switching delay cannot be predicted exactly.

VI. EXPERIMENTAL VERIFICATIONS

To sufficiently verify the aforementioned analysis and pro-
posed control strategy, experiments are conducted on five NL-
SPMSM prototypes with different rated powers and velocities.
The prototype parameters are listed in Table I, where the switch-
ing dead time tf is obtained from tests. Note that the switching
time varies with contactor capacity. Therefore, two sets of con-
tactors with different rated currents are used to minimize the
switching dead time, as shown in Fig. 9(b). The experiment
platform is shown in Fig. 9(a), where two ARM-based invert-
ers of 7.5 and 18.5 kW are used for soft start and switching
control of different NLSPMSM prototypes and a 37 kW IM
driven by ACS800 four-quadrant converter is used for load. A
torque/speed sensor is mechanically connected between the pro-
totype and IM, and the measured analog values (voltage output
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Fig. 9. Experiment platform. (a) NLSPMSM prototype and experiment de-
vices. (b) Wiring configurations beneath the desk of ACS800.

for torque, pulse output for speed) are input to the WT1800
power analyzer so that the mechanical output power of the pro-
totype can be measured. The grid input electrical power is mea-
sured using the voltage probes and current transformers. An
ERN1387 encoder is mounted at the rear of IM, and the speed
is tested using the other inverter. An oscilloscope is used to
measure and record needed analog signals.

During test, the prototype is first driven to rated electric fre-
quency of 50 Hz. Then, the phase tracking algorithm is applied,
and the inverter output voltage is controlled in the same phase
as grid voltage. Then, a switching signal is exerted and after
a preset delay time, contactor K1 is open and contactor K2 is
closed. Thus, the prototype is switched from inverter to grid
drives, and efficiencies are tested with different loads exerted by
ACS800 and IM.

Fig. 10 shows the inverter and grid voltages and their phase
derivation after phase tracking adopting the control strategy
proposed in Section V. It can be seen the inverter output voltage
is controlled in the same phase as grid, which is qualified enough
for switching.

Fig. 11(a) shows the whole soft start and synchronous switch-
ing procedure on the 37 kW NLSPMSM. The prototype is first
driven to nominal velocity with the same frequency as grid, and
the inverter voltage phase is adjusted to be the same as grid.
When switching condition is met, contactor control signals are
generated and the NLSPMSM is switched from inverter drive to

Fig. 10. Inverter and grid voltages after phase tracking.

Fig. 11. Experimental waveforms of synchronous switching. (a) No load soft
start, synchronous switching to grid drive and exerted step load. (b) Waveform
expansion of Region I.

grid drive. Later on, 60% rated torque is loaded and unloaded,
and the machine can still operate stably. The difference in line
current amplitude before and after switching is because of the
increase in supplied terminal voltage, which can be referred to
Appendix I for detail. The voltage and current waveforms at the
beginning of switching, i.e., region I in Fig. 11(a) are shown
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Fig. 12. Line current comparison between tested and numerical results for the
first 0.5 s after contactor K2 is closed.

in Fig. 11(b). It can be seen the current stays zero for about
30 ms which is the switching dead time between two contac-
tors. The inverter voltage waveform after PWM shutdown which
is the back EMF of prototype is because of the turn-off delay
of contactor K1. The tested current waveform is compared with
numerical results obtained in Fig. 3(b) for the first 0.5 s after
contactor K2 is closed, as shown in Fig. 12. It can be seen the
numerical results is quite close to the tested, which testifies the
derivations in Section III.

Synchronous switching to grid drive is also achieved on the
other prototypes listed in Table I, and the switching waveforms
are similar to that of the 37 kW prototype, as shown in Fig. 13,
where all the prototypes are switched at light loads from in-
verter to grid drive, and then exerted rated torque. There is tiny
difference caused by load shock, but the experiment procedure
and achievement are the same. The system efficiencies under
inverter and grid drives at rated velocities are then tested and
compared, as shown in Fig. 14. The rated power of 37-kW pro-
totype is not reached because the capacity of torque/speed meter
is no more than 20 kW. It can be seen that inverter drive may
be more efficient at light loads. However, when it comes to high
loads, grid drive performs higher system efficiency considering
the inverter loss, which is one of the major merits of grid drive.

Note that the inverter output apparent power during no-load
soft start of the 37 kW NLSPMSM is only 1.57 kVA, which is
quite small. Therefore, inverter with small capacity is enough
for no-load switch so that to save the system cost. Generally,
compared with 37 kW standard inverter, an 18.5 kW inverter
is about 500$ cheaper, and another 500$ will be saved for a
7.5 kW inverter. Whereas the price of a voltage acquisition card
is less than 20$, and that of two contactors with rated current
of 80 A is around 100$. Therefore, the total extra hardware
cost for the proposed method is no more than 120$. For the
motor side, the thickness of PMs in LSPMSMs is usually more
than twice larger than that of NLSPMSMs because of the large
start current, which increases the assumption of PMs. Besides,
the squirrel cages in LSPMSMs also increase the material and
manufacture cost. Generally, the price of a 37 kW NLSPMSM
is more than 1000$ cheaper than LSPMSM with the same rated
power and speed. Based on the estimation, the system cost can
be greatly reduced adopting the proposed solution.

Fig. 13. Switching waveforms of the other prototypes. (a) 2.2 kW NLSPMSM,
six poles. (b) 5.5 kW NLSPMSM, four poles. (c) 7.5 kW NLSPMSM, two poles.
(d) 15 kW NLSPMSM, six poles.
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Fig. 14. System efficiency comparison between inverter drive at rated fre-
quency and grid drive. (a) 2.2 kW NLSPMSM, six poles. (b) 5.5 kW NL-
SPMSM, four poles. (c) 7.5 kW NLSPMSM, two poles. (d) 15 kW NLSPMSM,
six poles. (e) 37 kW NLSPMSM, six poles.

VII. CONCLUSION

The soft start and synchronous switching technic of NL-
SPMSMs from inverter to grid drives was originally proposed in
this paper. The electromechanical state equations were deduced
and the system stability was analyzed via numerical calcula-
tion, from which it was concluded the dead time between two
contactors should be minimized as small as possible, and phase
tracking was much more crucial for NLSPMSM than IMs and
LSPMSMs for safe switching. The switching demands in volt-
age frequency, magnitude, and phase were met by adjusting
the velocity and d-axis current references. To achieve the same
phase between inverter and grid voltages, two PLLs were used
to detect both phases and the same phase was achieved by reg-
ulating the phase error to zero. Experiments were done on five
NLSPMSMs with different rated powers and velocities for vast
verifications, and test results showed that all the machines were
successfully switched to grid drive and robust to load variations.
Efficiencies of the NLSPMSM system under inverter and grid
drives were further compared, where the latter performed higher
system efficiency especially at high loads.

Compared with IMs and LSPMSMs, NLSPMSMs have both
high efficiency and excellent dynamic performance. With the
feasibility driven by grid achieved in this paper, NLSPMSMs
are promising for more applications so that to enhance the per-
formance of electric drive systems, and more efficient control
strategy can be expected when working at rated speed and high
loads.

APPENDIX I

The electromagnetic torque Tem with respect to torque angle
θ is known as

Tem =
mpE0U

ω2
e Ld

sin θ +
mpU 2

2ω2
e

(
1
Lq

− 1
Ld

)
sin 2θ (A1)

where m is the phase number, in this paper m = 3. E0 is the
RMS value of phase back EMF at electric velocity ωe . U is the
RMS value of phase terminal voltage. To simplify the following
derivations, Lq is assumed equal to Ld , i.e., Lq = Ld = Ls .
Then, the d- and q-axis currents at this torque angle is

⎧
⎪⎪⎨

⎪⎪⎩

Id =
R1U sin θ + ωeLs (E0 − U cos θ)

R2
1 + ω2

e L2
s

Iq =
ωeLsU sin θ − R1 (E0 − U cos θ)

R2
1 + ω2

e L2
s

(A2)

and the RMS value of phase current is

I1 =
√

I2
d + I2

q =

√
E2

0 + U 2 − 2E0U cos θ
√

R2
1 + ω2

e L2
s

. (A3)

From (A1)

cos θ =

√

1 −
(

ω2
e Tem Ls

mpE0U

)2

. (A4)

Substituting (A4) into (A3)

I1 =

√

E2
0 + U 2 − 2

√

E2
0 U 2 −

(
ω 2

e Te m Ls

mp

)2

√
R2

1 + ω2
e L2

s

. (A5)

The term ω2
e Tem Ls

/
mp is far less than E0U during no-load

switching, and (A5) can be approximated as

I1 ≈ |U − E0 |√
R2

1 + ω2
e L2

s

. (A6)

It can be seen the phase current is mainly determined by
the absolute difference between phase terminal voltage and
back EMF. Before no-load switching, the RMS value of in-
verter output voltage is Uinv = 363 V which is measured from
WT1800, and the RMS value of grid voltage is Ugrid = 380 V.
The tested RMS value of the 37 kW NLSPMSM prototype
phase EMF at no load is 360 V. Therefore, the ratio of current
amplitude under grid and inverter drive can be approximated as
|Ugrid − E0 | / |Uinv − E0 | ≈ 6.7, and the tested ratio as shown
in Fig. 11 is about 5.
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