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ABSTRACT Recently, a new type of motor, synchronous reluctance motor (SRM), has attracted wide
attention from academia and industry because of its potential applications in fans, pumps, and elevator
traction systems. Compared with traditional motors, these motors have lower eddy-current loss, less torque
ripple, reduced noise, smaller moment of inertia, and faster dynamic response, and they provide a greater
operating efficiency and safety and are simpler and easier to maintain. However, the ontology design and
operation control of SRMs continue to be significant hurdles that must be overcome prior to practical
implementation. In order to facilitate the practical application of SRMs in industry, at the invitation of an
elevator company, we designed a large SRM for elevator traction. Herein, we describe the design of the
proposed system and present a theoretical analysis of the system. Furthermore, we fabricate a real prototype
and the corresponding control system and perform an experimental test under the rated operating conditions
and 1.5× overload conditions in order to verify the SRM’s performance. The results of the experimental
testingwere satisfactory and consistent with the theoretical calculations. At present, we have entered the stage
of small-batch trial production andwe expect to ultimately implement this novel design. Further, the approach
to ontology design and operation control in this study can be used to inform the future development of novel
SRMs.

INDEX TERMS Design, experimental evaluation, large synchronous reluctance motor, control system,
elevator traction.

I. INTRODUCTION
Compared with traditional motors, synchronous reluc-
tance motors mainly have the following advantages. First,
the multi-laminated structure makes the hysteresis and eddy
current loss on the rotor very small, and basically there is no
rotor heating problem during synchronous operation, which
improves the operating efficiency and safety of the motor.
Second, the multi-laminated structure of the rotor makes the
rotor surface smooth and the magneto-resistance changes are
relatively continuous, which greatly reduces the torque ripple
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and noise of the motor during operation. Third, the rotor
has no winding, the motor has small moment of inertia,
fast dynamic response, and the motor is durable and easy
to maintain. Fourth, high torque, strong overload capacity,
easy to weakmagnetic speed expansion. Fifth, the rotor speed
depends on the frequency of the stator current, and the control
system is simple and reliable. Therefore, in recent years,
in the field of fan, pump and elevator traction, it has been
widely concerned by academia and industry, and in the aspect
of ontology design and operation control, some constructive
achievements have been obtained [1]–[16]. However, because
of its difficulty in ontology design and operation control,
up to now, how to make this kind of motor better meet the
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TABLE 1. The basic performance parameters of the motor proposed by
the elevator enterprise.

TABLE 2. Main design parameters of motor stator.

actual industrial application requirements, such as greater
power, better control reliability, higher operation safety, etc.
in terms of ontology and control system design, still needs to
be studied more widely and deeply.

At the invitation of an elevator company, we designed a
large reluctance synchronous motor for the traction of ele-
vators. In the subsequent work, we not only completed the
design and analysis work, but also produced a real prototype
and control system, and completed the test and verification
work. Satisfactory results have been achieved. At present,
we have entered the stage of small batch trial production.

And the basic design requirements of the synchronous
reluctance motor proposed by the elevator enterprise are
shown in TABLE 1.

II. THE DESIGN SCHEME OF SYNCHRONOUS
RELUCTANCE MOTOR ONTOLOGY
A. THE MAIN PARAMETERS OF SRM ONTOLOGY
After testing, analyzing, and comparing a series of alternative
designs for the SRM body, the main structure and material
parameters were determined, as shown in TABLE 2. The
structure of the motor is shown in Fig. 1.

B. THE MATHEMATICAL MODEL OF THE SRM
In SRMmotor, the high permeability path is referred to as the
direct-axis path, while the low permeability path is referred
to as the quadrature-axis path, as shown in Fig. 1.

It is observed that higher flux linkage along d-axis, while
the q-axis flux linkage is limited by the rotor flux barriers.

The electrical equations in a rotating rotor d-q reference
frame, describing the dynamic behavior of the SRM’s sta-
tor voltage, neglecting saturation and skin-effect, can be
expressed as:

usd =
dψd
dt
− ωs · ψq + R · isd

usq =
dψq
dt
+ ωs · ψd + R · isq (1)

FIGURE 1. 2D structure of the proposed SRM.

The flux linkages can be expressed as:

ψd = Ld · isd
ψq = Lq · isq (2)

The average torque can be calculated as:

Tem =
3
2
p · (Ld − Lq) · isd · isq (3)

where

isd, isq d and q-axis components of armature current;
usd, usq d and q-axis components of terminal voltage;
R armature resistance;
9d, 9q d and q-axis stator flux linkage
Ld, Lq the d- and q-axes of armature self inductances;
p number of pole pairs;
ωs the Rotor electrical speed;
Tem electromagnetic torque.

III. THE DESIGN SCHEME OF SYNCHRONOUS
RELUCTANCE MOTOR CONTORL SYSTEM
A. THE OVERALL TECHNICAL SCHEME OF CONTROL
SYSTEM
According to the technical index and operational require-
ments for industrial elevator motors, the following general
technical solutions were adopted. The direct current (DC) bus
voltage was regulated by filtering after uncontrollable rec-
tification of the three-phase alternating current (AC) power
frequency. A three-phase fully controlled pulse width modu-
lation (PWM) converter was implemented to drive the SRM.
A digital signal processor (DSP) chip was used to control
the PWM converter to realize drive control of the SRM.
The SRM can operates in either rotational-speed-control or
torque-control mode. When braking, the feedback energy is
consumed by controlling the bleeder circuit.

The converter on the motor side adopts a three-phase
inverter–rectifier bridge composed of an intelligent power
module (IPM). During operation, the input voltage and

VOLUME 8, 2020 34257



J.-C. Li et al.: Design and Experimental Evaluation of a 12 kW Large SRM and Control System for Elevator Traction

FIGURE 2. The schematic diagram of main power circuit.

current are controlled by PWM to achieve the desired high
torque output.

In order to acquire information regarding the motor’s rotor
position, a sensor-based scheme using a resolver as a position
sensor was adopted. While a sensorless method may be more
innovative, it requires highly accurate motor control parame-
ters; however, it would be difficult to accurately obtain the
required motor performance parameters and rotor position
information in a timely manner, considering that sometimes
the load and current of the elevator motor change rapidly
and violently (e.g., during the elevator’s start-up stage). Thus,
the sensorless scheme is undoubtedly extremely unfavorable
for the safety of the elevator and its passengers.Therefore,
in order to ensure the reliability, accuracy, and safety of the
control system and the elevator, a sensor-based method was
ultimately adopted,and a resolver was implemented as the
motor’s rotor position sensor.On this basis,by controlling the
magnetic field and torque current of the motor, the operating
requirements of the motor at each operating point can be
satisfied.

The main controller of the motor is a 32-bit fixed-point
DSP, TMS320F2812, produced by Texas Instruments (TI)
(Dallas, TX, USA). This processor was used to run the motor
start-up; control the speed and torque of the motor; and pro-
vide overvoltage, overcurrent, and overheating protection for
the motor and other main components of the system.And also
provide the data communication interface, analog quantity
interface and relevant switching quantity interface connected
with the upper system.

B. THE MAIN POWER LOOP DESIGN
As shown in Fig. 2, the main power loop for synchronous
reluctance consists of three-phase uncontrollable rectifica-
tion; large capacitance filtering; an IPM; sampling of the
current, voltage, temperature, speed, and position signals; and
system controler.

The basic working principle of the main power circuit is as
follows: Under normal operating conditions, the power fre-
quency three-phase AC (line voltage: 380V, 50Hz) is rectified
into a large ripple DC after passing through a three-phase

FIGURE 3. Schematic diagram of the main control circuit.

FIGURE 4. Principle block diagram of motor control.

uncontrolled rectifier bridge.And through 2,200 µF/450V
capacitors (connected two in series and two in parallel) and a
2.2µF/1,200V high-frequency capacitor, the DC-side voltage
becomes relatively stable and the ripple is greatly improved.
After the DC-side voltage passes through the IPM, it is
directly applied to the three-phase stator winding of the SRM.

The TMS320F2812 system controller samples the DC-side
bus voltage, stator current, and position and speed signals in
real time and then sends out the six-channel PWM signal
(usually space vector PWM [SVPWM]) after processing to
drive the IPM,so as to realize the closed-loop control of
synchronous reluctance motor.

When the motor needs to stop, the energy is fed back to the
DC-side and the voltage sensor monitors the higher DC-side
voltage, which changes the state of S7; the bleeder resistance
will be added to the DC-side. At this time, the energy returned
via the feedback loop will be on the bleeder resistance, and
it will not cause the DC-side voltage to be too high and burn
out the device.

C. THE HARDWARE CIRCUIT DESIGN
As shown in Fig.3, the main control loop of the synchronous
reluctance motor includes the DSP minimum system, power
supply circuit, CPLD logic timing control circuit, internal
ADC, external ADC, resolver decoding circuit, SCI commu-
nication circuit, SPI circuit, IO, And PWM circuit.

The main control chip of this design scheme is TI’s
TMS320F2812. Its minimum system includes chip power
supply (3.3V, 1.9V), 30M passive crystal oscillator, 14-pin
JTAG port, plus a small amount of resistors and capacitors,
jumpers.

The JTAG port is generally used to communicate with the
DSP in the process of program debugging. When the debug-
ging program is more mature, the program can be burned
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FIGURE 5. Main program control block diagram.

FIGURE 6. CPU timer 0 interrupt service routine.

FIGURE 7. Serial port interrupt service routine.

to the on-chip FLASH without making any major changes.
Further, the SCI can be used directly for communication
between the DSP and the PC.

FIGURE 8. Torque, phase voltage, and phase current under the rated load
conditions (167rpm, load: 700N·m).

D. THE CONTROL SOFTWARE DESIGN
Fig.4 shows a principle block diagram of the operation con-
trol of the SRM.The SRM adopts a vector-control mode, and
the current loop can be used to control the starter motor
to achieve the starting speed. When the motor needs to be
started, the q-axis starting current is calculated according to
the set starting torque. The current component property is
the drag current, and the appropriate field magnet current
(i∗sd ) can be set to generate the starting torque. Detecting
the current input into the three-phase winding of the motor
and using the coordinate transformation of three phases to
two phases, the currents on the d- and q-axes (isd and isq)
are obtained. These values are compared with the given
values, and the d- and q-axis voltage reference values (ud
and uq) are calculated by the respective PI regulators using
the voltage equations associated with the d- and q-axes and
the current loop cross-coupling term. Finally, by applying
SVPWM, the converted PWM drive pulse is inputted into the
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FIGURE 9. Torque, phase voltage, and phase current under 1.5× rated
load conditions (167rpm, load: 1,100N·m).

three-phase PWM converter to generate a three-phase sinu-
soidal current through the stator windings of the motor to
achieve control of the SRM.

A block diagram of the main controller is shown in Fig. 5.
First, the clock of the DSP and the state of the peripheral are
initialized. The clock frequency of the system is 150MHz,
and each single instruction cycle is 6.67ns. The software of
the interrupt, event manager, SPI, and SCI, among others,
is initialized and enters the main control program, which is
nested within the timer-0 interrupt with a control period of
100µs. During each control cycle, when the main control-
program is executed, the CPU continuously scans to check
whether there is a command issued by the host computer; if
so, the program is executed; if not, the scanning continues
until the next control cycle.

As shown in Fig. 6, in the main control program, the scene
is first protected and then the comparison value in the PWM
comparator is updated. Then, the ADC is started; the current

TABLE 3. Main design parameters of motor rotor.

FIGURE 10. The magnetic field distribution in the motor at different times
(rated operation).

signal, DC-side voltage, and rotor position are sampled; and
the speed reference is obtained to determine whether the
speed should be calculated (as it generally takes 10 control
cycles to calculate the rotational speed in the program). If the
speed is calculated, the PI regulator is added to adjust the
speed; if not, the three-phase current is calculated, the current
d- and q-axis currents are calculated by coordinate transfor-
mation, and the d- and q-axis currents are adjusted by the PI
regulator. Finally, the stator voltage is calculated once again
by coordinate transformation, the duty cycle is calculated, and
the scene is restored.
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FIGURE 11. The magnetic field distribution in the motor at different times
(1.5 times overload operation).

As shown in Fig. 7, in each control cycle, the CPU contin-
uously scans the serial port interrupt flag bit after executing
the main control program. If the serial port interrupt flag is
set, the response is interrupted, the scene is protected, and
it is judged whether the command is valid according to the
communication protocol. If it is valid, the program will be
executed, then the flag bit will be cleared, and the system
will return to its previous state; if it was deemed to be invalid,
the flag bit will be cleared and the system will return to its
previous state.

IV. ELECTROMAGNETIC ANALYSIS RESULTS
AND DISCUSSIONS
In view of the proposed SRM design scheme, the perfor-
mancewas evaluated under the rated operation conditions and
1.5× overload conditions in terms of the voltage, current, and
torque using the time-stepping finite element method. The
results are summarized in Figs. 8 and 9 and TABLE 3.

The electromagnetic analysis results indicated that, in the-
ory, the performance of the motor (e.g., speed, output elec-
tromagnetic torque, output power, and percent torque ripple)
meets the design requirements under its rated operating con-
ditions and 1.5× overload.

FIGURE 12. The prototype test scenarios.

FIGURE 13. Stator current test waveform during 1.5× overload
operation(time:10:17/25/11/2018).

Further, no serious magnetic saturation occurred in the
internal magnetic field distribution of the motor under either
set of conditions, as shown in Figs. 10 and 11. Therefore,
it can be considered that, theoretically, the magnetic circuit
design of the motor is reasonable and offers good material
utilization.

V. PROTOTYPE TEST RESULRS AND DISCUSSIONS
Next, a prototype and a control system were fabricated
according to the design scheme. A real operation test was
carried out under the rated load operating conditions and
1.5× overload conditions on November 25, 2018. The test
scenarios is shown in Fig. 12.

A. THE 1.5 × OVER LOAD OPERATING TES
At the same time,from the envelope of the current wave-
form,it can be seen that the operation of the motor is relatively
stable, In the 1.5× overload operation experiment, in order to
protect the motor, 1.47× rated load was applied (i.e., the load
torque was 1030 N·m). The motor successfully dragged this
load and ran steadily for more than 3 min.
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FIGURE 14. Stator current test waveforms under the rated load
conditions(time:14:08/25/11/2018).

FIGURE 15. Stator current test waveforms under the rated load
conditions(time:14:56/25/11/2018).

Fig.13 shows the stator current waveform during the over-
load test. The effective current was I = 62.2 A, the speed
was n = 169.08 r/min, the torque was T = 1030 N·m, and
the torque-to-current ratio was16.56; these values were very
close to the calculated values of 62.5, 167, 1100, and 17.58,
respectively (TABLE 3).

Furthermore, from the envelope of the current waveform,
it can be concluded that the operation of the motor was
relatively stable under these conditions.

FIGURE 16. Stator current test waveforms under the rated load
conditions(time:15:04/25/11/2018).

B. THE RATED LOAD OPERATING TEST
Figs.14 to 16 shows records of stator current waveforms
during the operation test under the rated conditions; in this
case, the motor had been running stably for 1h. In the oper-
ation experiment under the rated conditions, after entering
the stable rated operation state, the motor’s torque fluctuated
in the range of 696–701N.m; however, it can be considered
that the torque was stable around T = 700N.m. At the same
time, the speed was stable around 168–169r/min. Further,
the current was stable at I = 44.3A, and the torque-to-
current ratio was approximately 15.8. These values were very
close to the calculated values of 39.8and 17.58, respectively
(TABLE 3).
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Over the time course of the test, the temperatures of the
stator’s core and surface increased. It can be seen from
Fig. 16 that the current was I = 45.3A; this is because
the stator’s resistance increases with the rise in temperature.
As shown in Figs. 14–16, the sinusoidality of the current was
very good under the rated operating conditions.

Further, in the case of Figs. 14–16, the envelope of the
current was small. Owing to the use of PWM and limited
carrier frequency, the program can be optimized later to make
the envelope smaller.

From the above experimental results and analysis with the
prototype, it can be seen that the 12kW SRM proposed herein
exhibits an acceptable performance that is highly consistent
with the theoretical calculations. Therefore, it can be con-
sidered that the design is suitable for further testing and,
ultimately, implementation for elevator traction systems.

VI. CONCLUSION
In this paper, at the invitation of an elevator company,
we designed a12kW large SRM for elevator traction. Here,
we reported the design and analysis work and conducted
testing and validation on a real prototype and control sys-
tem. Satisfactory results were obtained experimentally, and
these results were consistent with the theoretical calculations.
Therefore, we cautiously consider that the design and trial
production of this prototype (12kW SRM) and its control
system are successful, which have certain applicable value
in engineering. At present, we are in a small-batch trial
production stage for the further test and improvement of this
kind of motor.

However, at the same time, we realize that, in recent years,
some excellent researchers have made great progress on the
sensorless control technology of motor, emerging fruitful
achievements [17]–[22]. It provides valuable references to
improve the control level of SRM,this is the research direction
we will pay attention to in the future. At the same time,
we will focus on how to combine the optimization algorithm
to further improve the SRM design. We plan to conduct in-
depth study on these points with new papers.
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