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A Nine-Phase Permanent-Magnet Motor Drive
System for an Ultrahigh-Speed Elevator
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Abstract—This paper presents a nine-phase permanent-
magnet synchronous motor (PMSM) drive system based on mul-
tiple three-phase voltage source inverters. The nine-phase PMSM
was developed as a traction motor for an ultrahigh-speed elevator.
The mathematical model of the motor was simplified through sym-
metry of the system. Using the simplified model, the drive system
can be controlled by the well-known d—gq control theory. The
feasibility and validity of the drive system were experimentally
demonstrated at the world’s tallest elevator test tower. Moreover,
an additional experiment was performed to ensure the fault-toler-
ance capability of the system.

Index Terms—Alternating-current (ac) motor drives, fault tol-
erance, high-speed elevators, industrial power system, multiphase
motors.

I. INTRODUCTION

A T PRESENT, high-rise buildings are becoming more pop-
ular with advances in building technology. The advent of
modern high-rise buildings has brought about the need for high-
speed and/or high-capacity elevator systems to provide quick
access within these buildings [1]. The definition of high speed
in elevator applications varies according to the manufacturer,
but the structures are similar to each other in the majority of
cases. The general structure of a high-speed elevator is shown in
Fig. 1. The complete system can be divided into two parts; they
can be thought of separately but are dynamically coupled. The
first part is a mechanical system that comprises various masses
and ropes with which the parts interconnect. The second part
is an electrical drive system that includes a closed-loop control
system that regulates the velocity of the main sheave [2].
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Fig. 1. General structure of the high-speed elevator system.

For the electrical drive system for a high-speed elevator, a
combination of a voltage source back-to-back converter and a
three-phase PMSM is widely used due to its regenerative capac-
ity, compact size, and fine control performance. Because three-
phase inverters have numerous advantages, they have been
manufactured for elevator applications for decades. However,
as the speed rating has increased, rated power of the traction
system has also increased. Some high-power elevators demand
a peak power rating of more than 1 MW, such as an ultrahigh-
speed elevator, which moves more than 1000 m/min, and a
double-deck elevator that has two cars, resembling a two-story
building. Thus, a three-phase drive system may not offer a
great advantage in this power range due to the limitation of the
current rating of semiconductor devices.

In a high-power drive system on a low-voltage grid, multi-
phase motors can offset the size limitation of individual invert-
ers. Furthermore, multiphase motors have several advantages,
such as good fault-tolerance capability and a reduction in the
per phase power rating [3]-[6]. These aspects have allowed
dual-stator PMSMs to be adopted in state-of-the-art elevators
[7]. In [7], each set of three-phase windings is separately
connected to its own three-phase inverter, which employs six
IGBT modules connected in parallel to increase the per phase
rating of the inverter. However, when an inverter fault or a dc-
link side fault occur, the relevant inverter should be detached

0093-9994/$31.00 © 2012 IEEE
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TABLE 1
SPECIFICATION OF THE ULTRAHIGH-SPEED ELEVATOR
Rated Capacity 1600 kg (24 passengers)
Rated Speed 1080 m/min
Travel Height 540 m

from the system, after which the total power rating of the system
is reduced to half of the normal operating condition.

In the event of an open fault, a control method using the other
five phases could be used to minimize the total power derating
of the system in [4] and [5]. However, in spite of the appropriate
control, a loss of phase causes a severe torque ripple, which
cannot be allowed in elevator applications. Thus, separation
of the corresponding winding set from the system is greatly
preferred in elevator applications.

In this paper, a nine-phase PMSM driven by triple three-
phase voltage source inverters (VSIs) is introduced for an
ultrahigh-speed elevator. The mathematical model of the nine-
phase motor was divided into three independent three-phase
motor models through symmetry between the winding sets
and the current controllers. With this simple model, three
conventional synchronous-frame proportional and integral (PI)
current controllers can be easily applied to the nine-phase motor
without the need for a complex multiphase machine theory.
Experiments with the nine-phase motor, which is a traction
machine of an ultrahigh-speed elevator, were performed to
evaluate the validity of the drive system.

II. ELECTRICAL DRIVE SYSTEM DESIGN

The proposed electric drive system for the ultrahigh-speed
elevator consists of a nine-phase PMSM, three grid-side con-
verters with interface inductors, three motor-side inverters with
dv/dt suppression filters, and a DSP-FPGA controller. In this
chapter, the system specification and detail of the electric drive
system are explained.

A. System Specification

The specification of the ultrahigh-speed elevator is shown in
Table I. The rated speed of the car is 1080 m/min, at which
speed it takes 45 s to move up 540 m. The rated capacity for
passengers is 1600 kg, which is equivalent to 24 passengers. If
this elevator is installed in a commercial building, it will be the
fastest elevator in the world.

B. Traction Motor

A computer simulation based on a simple mechanical model
was performed to calculate the desired capacity of the traction
motor. The passenger capacity is 1600 kg, but other mechanical
parts to support this capacity are much heavier. The total mass
was assumed to be 40000 kg considering the weight of the
mechanical system such as the car, the counterweight, the main
ropes, and the compensation ropes, as shown in Fig. 1. Any
unbalanced condition between the car and the counterweight is
considered to be 800 kg, which is the maximum value.

The simulation result of the elevator operation is shown in
Fig. 2. The top figure shows the speed reference profile of
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Fig. 2. Simulation result for ultrahigh-speed operation under a maximum load
condition.

the car, which moves up for 540 m. The acceleration value
is 1.3 m/s? in the ramp section. This is the maximum accel-
eration value at which passengers do not feel uncomfortable.
The necessary torque of the motor is 36 kNm at this time.
According to the simulation results, the traction motor requires
maximum mechanical power of more than 1 MW to meet the
specifications in Table 1. These results are based on an ideal
operating condition. Reflecting the loss of the motor, the total
power rating should be increased further. Assuming that the
total efficiency of the entire mechanical system is 0.9 including
the design margin, the maximum output power of the motor
should be more than 1.1 MW.

Medium voltages are generally not available in commercial
buildings where elevators are installed. Elevator drive systems
are thus usually connected to a low-voltage grid. Considering
that the grid voltage is 380 V and the dc-link voltage is 680 V,
the terminal voltages of the motor should be similar to the grid
voltage at the rated speed. The power factor of the motor is ap-
proximately 0.95 at the peak power of 1.1 MW. The peak output
current of the VSI therefore easily exceeds 2500 A, in the case
of a three-phase traction motor. Because such a high-current
1200-V IGBT device module does not exist, a group of devices
has to be connected in parallel to satisfy this high current level.

In this paper, a nine-phase PMSM was applied for the
ultrahigh-speed elevator to reduce the current rating of each
phase. Assuming that the back electromagnetic force (EMF) of
the nine-phase motor is identical to that of the three-phase case,
the rated current can be reduced to one-third of that of the three-
phase motor. This permits the use of a single power device for
each inverter switch instead of a group of devices connected
in parallel. Moreover, because multiphase motors have lower
torque ripple characteristics and open-phase fault tolerance, it
becomes possible to improve the ride comfort and safety of the
passengers with higher reliability at the system level.
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Fig. 3. Developed electrical drive system for an ultrahigh-speed elevator.

C. Motor Drive System—Pulsewidth Modulation (PWM)
Inverters and Converters

Traction motors have to generate high torque regardless of
the operating speed for elevator applications. Thus, the power
conversion unit should offer rated current at any operation
speed. Additionally, the elevator driven by an electrical motor
demands a bidirectional power flow control to handle motoring
and generating power, which repeatedly arise during acceler-
ation and deceleration operations. Therefore, a voltage source
back-to-back converter is widely used in high-speed elevators
due to its regenerative capability. It is also possible in this way
for the power factor at the grid side to be maintained at unity
and for the dc-link voltage to be kept at a desired value [2].

To drive the nine-phase PMSM, three sets of back-to-back
converters developed for high-speed elevators of the 600 m/min
class were adopted. The parallel operation of three sets of the
converters can bring a cost advantage due to mass production.
The grid-side converters are connected to each other at the util-
ity grid by interface inductors, as shown in Fig. 3. To improve
the level of system reliability, the dc-links are separated from
each other because a common dc-link structure is not capable
of supporting severe faults in the dc-bus [4]. Each back-to-back
converter operates independently and consists of six IGBTs,
whose rating is 1200 V and 1200 A at 80 °C. The rated power of
each back-to-back converter is 450 kW; thus, the overall system
can deliver 1.35 MW in total.

Each utility side converter includes interface inductors to
regulate the current to the utility grid. The size of these interface
inductors is determined by the limitation of the magnitude
of the switching current ripple to the utility side. To reduce
this current ripple, the carriers of three PWM converters are
interleaved with each other by one-third of the switching period.
This reduces the magnitude of the current ripple significantly.

There are circuit breakers for the input terminals of the con-
verters and the output terminals of the inverters to increase the
reliability of system. When a fault occurs, the circuit breakers
of the corresponding set are opened, and the faulty set can
then be separated from the entire system, and the remaining
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Fig. 4. Configuration of the control board.

sets can still perform their normal operations. In the case
of the separation of one set, the total power rating becomes
approximately two third of the unfaulted system power rating.

To improve the reliability of the system against a high dv/d¢
condition, a filter inductor and an RC network were included
between the inverter and the motor. The filter inductor and the
RC network suppress spike voltages at the motor terminals and
prevent the motor from insulation failure.

D. Control Board

The control board consists of two controllers: The first is a
digital signal processor (DSP) controller, and the second is a
field-programmable gate array (FPGA) controller to release the
load of the DSP. The detail configuration of the control board
is shown in Fig. 4. The main objectives of the DSP controller
are the tracking of the motor speed reference and the regulation
of the three dc-link voltages. The FPGA controller takes charge
all of the current control to assist the DSP controller.

A master controller such as an elevator group controller gives
a position reference to the DSP controller. The speed reference
generator inside of the DSP controller then creates speed and
acceleration references that have a very smooth waveform so as
not to excite the resonance of the mechanical system. The speed
controller calculates the torque reference to minimize the speed
and acceleration error. Other tasks of the DSP are the estimation
of the rotor speed from the rotor position and detection of the
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Fig. 5. Simplified structure of the nine-phase PMSM.

grid angle and frequency from the grid voltages. At the end of
the calculation, the DSP gives the current references, angles,
and angular velocities of the motor and the grid to the FPGA
current controller.

The FPGA controller has six three-phase current controllers
to regulate all of the inverter and converter output currents:
Three of them are for the nine-phase motor drive, and the other
three are for the grid current control. The FPGA has 36 channels
of carrier-based PWM signal generators for gating, and all of
the carriers can be phase-shifted with respect to the reference
carrier. The FPGA also detects hardware faults to protect the
system.

III. MODELING AND CONTROL

To control the drive system, a mathematical model of the
nine-phase PMSM should be initially derived. Following this,
the control strategy of the system is proposed.

A. Structure of the Nine-Phase PMSM

The structure of a nine-phase motor was simplified for easy
understanding. The simplified motor has two rotor poles and
nine stator windings, as shown in Fig. 5. The notation in Fig. 5
represents the phase name and the three-phase set number. For
example, b2 stands for the b-phase of the second three-phase
set. Each stator winding is expressed as one coil per phase,
but in a real machine, it is a bunch of distributed windings to
obtain a sinusoidal back EMF. The stator windings are directed
along the magnetic axis of the respective phase. For example,
the current that flows along the al — a1’ winding generates the
magnetic flux along the al-axis.

Three windings separated by 27/3 rad in terms of the
electrical angle as regards each other are connected in a wye
to constitute one three-phase winding set. That is, the nine-
phase motor can be considered as a triple three-phase set with
three isolated neutral points. The adjacent three-phase sets are

spatially displaced by 27/9 rad, which is the angular spacing
between multiple winding sets to minimize the pulsating torque
of the nine-phase machines [8]-[10].

An asymmetric winding arrangement with the 7/9 spacing
was used in some earlier studies [9]-[11]. However, an asym-
metric arrangement is equivalent to a symmetric arrangement
with the 277 /9 spacing [9]. By rotating the third three-phase set
by 180°, asymmetric winding can be achieved. Hereafter, the
symmetric winding arrangement will be used to focus on the
symmetry of the system.

B. Mathematical Model of the Nine-Phase PMSM

Many papers have been published that describe a model
of multiple three-phase stator sets, particularly for dual three-
phase motors [8]—[14]. There are two main approaches to model
a dual three-phase motor: The first is through vector space
decomposition (VSD), and the second is through an extension
of the three-phase model.

According to the VSD theory, the 6-D current space can be
divided into the oo — 3 subspace and other subspaces related to
zero sequences and high-order harmonics. The VSD approach
is useful in dual three-phase machine control because the
resultant model is nearly identical to the model of a three-phase
machine. Thus, the & — /3 currents can be easily controlled by a
synchronous-frame current controller. These aspects can be ex-
tended to triple three-phase motors. However, with this model,
it is hard to apply the synchronous-frame current controller to
the other harmonic components.

Another modeling approach is the multiple three-phase
model. The nine-phase current can be expressed as a combina-
tion of three three-phase sets, which are coupled to each other.
Thus, synchronous-frame current controllers can be applied to
each three-phase model with some decoupling schemes. The
stator voltage equations of the nine-phase PMSM can be ob-
tained from the multiple three-phase motor model expressed in
the arbitrary d — g reference frame [8]. Thus, the stator voltages
in complex vector notation can be expressed as follows:

=T 3T ST
—
vdqsl Lﬁiqb& ﬁgqsl i{lqsl
— - - .
qus2 _RS qusQ +p )‘dqs2 +jwr )‘qu2 (1)
@T . =r X’I“ XT
dqs3 Ldgs3 dgs3 dqs3

The complex variables in the d — g rotor reference frame are de-
fined as Ty, . = @y, + Ty, Where the subscript k& denotes
the winding set number. In addition, R is the stator resistance,
and w, is the electrical angular velocity of the rotor. The flux
linkage equations for the kth three-phase set can be written as

3
Adsk = Listggr, + §Lms Z lgsj + A
j=1
3 3
Ngs = Lisigar, + 5 Loms > it )

j=1

Here, Ay, and A, denote d-axis and g-axis flux linkage of
the kth three-phase set. L;s and L,,s represent the leakage
inductance and mutual inductance, respectively, and Ay is the
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Fig. 6. Equivalent circuits of a nine-phase PMSM in the d—q rotor reference
frame. (a) d-axis circuit. (b) g-axis circuit.

flux linkage between the stator windings and the permanent
magnet. The equivalent circuits of the nine-phase PMSM, in the
d—q rotor reference frame, are depicted in Fig. 6. The current
source iy is the field current, equivalent to the flux linkage, due
to the permanent magnet.

In a surface-mounted PMSM, the current that contributes
to the torque generation is only the rotor reference g-axis
component because the back EMF is induced by the permanent
magnet existing in the rotor reference g-axis and because there
is no saliency. Thus, the torque generated by the kth set can be
described as

3P .
Tek = 55/\flzsk (3)
In this equation, P represents the number of poles. There are
three independent winding sets; thus, the total torque is the sum
of the torque generated by each sets. As a consequence, the total
torque generated by the nine-phase motor can be expressed as

3P

T, = §5>\f (igsl + Z'232 + ISSS) . “)

C. Motor Control Strategy

In [15]-[17], two sets of d—q synchronous-frame current
controllers were used for the dual three-phase motor drive.
To decouple the magnetic interconnection between the two
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Fig. 7. Control scheme for the proposed nine-phase motor drive system.

stator windings, a complex decoupler was designed based on
a mathematical model. In this paper, the complex decoupler
for the current controller is simplified through symmetry of the
winding sets and current controllers.

The triple three-phase motor has six independent currents
because the zero sequence of each set is zero. Thus, six current
controllers are needed to regulate all of independent current
states to desired values. The control scheme for the nine-
phase PMSM drive system is shown in Fig. 7. It is a cascade
structure made up of one speed controller and three sets of d—g
synchronous-frame current controllers. The speed controller
receives the speed and acceleration reference and generates the
torque reference 77, and the torque reference is converted to
the current reference according to (4). Under normal operation,
to minimize copper loss in the motor, the current reference of
each inverter is maintained at the same value

%
iTE =T = T — Te
gsl — Ygs2 — “qs3 — 3(§BA )
22
Tk Tk TR
Yas1 = lds2 = lds3 = 0. (5)

The output voltages of kth-set synchronous-frame PI current
controllers with back EMF compensation can be written as

e s -
qusk: - KP (qusk: - ’qusk)

sk - r -7
+ K; / Tgsk — bdgsk @ + Vagsk_fr — Bolagsk

”U(Tisk_ff = - erZsk
v;sk_ff :wr)\gsk. (6)

Here, K, and K; denote the PI gains, respectively. 12, is the
active resistance that suppresses the dynamic responses due to
parameter errors and voltage disturbance [18].

Three sets of d—gq current controllers have the same structure
with the same current reference. The structure of the winding
sets is symmetric. Thus, although the linkage flux term is a
function of three independent d—gq current sets, the current
responses of the three-phase sets are identical to each other, i.e.,
Uggs1 = ldgs2 = laqss- Therefore, the flux linkage equation (2)
can be simplified as

. 3 -

dsk = (Lls + 32Lm5> Ggsk T Af

- 3 .

qsk = LlS +3§Lms quk. (7)

Replacing L;s + (9/2)L,,s by Ls, which is termed as the
synchronous inductance, the voltage equation of each set is
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decoupled from each other and becomes identical to that of a
general three-phase PMSM, as described in [19]

AZsk = Lsigsk} + /\f

Zsk :Lsigsk)' (8)

A block diagram of the current controllers is shown in Fig. 8.
Using the simplified motor model, the nine-phase motor can
be driven by three d—q synchronous-frame controllers without
any complex multiphase machine control theories. Moreover,
because the output of the current controller is the phase voltage
of each inverter set, a three-phase PWM strategy is also directly
applicable. Thus, the PWM strategy based on the offset voltage
with a triangular carrier wave, as introduced in [20], was
adopted for each inverter voltage synthesis.

Imbalance among inverter systems or asymmetry among the
winding sets can cause an unbalanced result in the current
transient response. However, a large amount of imbalance is
not likely to exist under normal operation, although small
amounts in addition to low asymmetry due to manufacturing
tolerance and control imbalance may arise as a type of dis-
turbance. The disturbances are sufficiently rejected by each
feedback controller with active resistance. Thus, any imbalance
or asymmetry is not an issue when they are small enough.
The experimental results in the next section reveal reasonably
satisfactory performance.

IV. EXPERIMENTAL RESULTS

To evaluate the validity of the proposed system, the nine-
phase PMSM and its drive system were developed, and an
ultrahigh-speed elevator system was installed in the world’s
tallest elevator test tower. The developed nine-phase PMSM
and the test tower are shown in Fig. 9. The parameters of the
motor are listed in Table II.

Before the installation of the elevator, experiments were done
under various load conditions on the ground. To confirm the
back EMF of the motor, the entire inverter gating signal was
turned off while operating it under a constant speed operation.
The line-to-line voltage waveforms of the three sets during
natural deceleration from 140 r/min are shown in Fig. 10. The
bottom figure shows the magnified waveform of the red block
in the top figure. The line-to-line RMS of the fundamental
component is 370 V, and its fifth-order harmonics is 3% of the
fundamental component based on the FFT results.

The steady-state waveform of three a-phase output currents
is shown in Fig. 11, when the synchronous frequency is 60 Hz

Fig. 9. (Left) Nine-phase PMSM and (right) the elevator test tower.
TABLE 1II
PARAMETERS OF THE DEVELOPED NINE-PHASE PMSM

Maximum Power 1.1 MW
Maximum Torque 40 kNm
Rated Speed of the Sheave 1,080 m/min
Phase Resistance 20 mQ
Phase Inductance 0.28 mH

800 u'

Line-to-line voltage (V)  Line-to-line voltage (V)

-800

Time (20 ms/div.)

Fig. 10. Line-to-line voltage of (top) the nine-phase motor and (bottom) the
magnified waveform of the top figure.
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T

-800
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current (A)

0 4 8 12 16 20
Frequency (kHz)

Fig. 11. Inverter output current waveform and its FFT result when the
synchronous frequency is 60 Hz.

and when the switching frequency is 5 kHz. The phase currents
of each inverter are well balanced and phase-shifted by 27/9
rad, and the magnitude of all harmonic currents, except twice
the switching frequency, is less than 1% of the fundamental
component, as shown in the FFT result.
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While the g-axis current controller generates torque for the
speed control, the d-axis current references of the three sets
were changed to determine the dynamic performance of the
current controller. The current response of the Inverter 1 set
against the step and sinusoidal reference changes are shown
in Fig. 12. The cutoff frequency of the closed-loop current
controllers was set to 1200 rad/s based on the derived model,
which indicates K}, = Liweutor and K; = (Rs + Ry )Woutofi-
The speed was set to a constant speed of 4 r/min. In the
top figure, the d-axis reference is instantaneously changed
from 50 to 150 A. The rising time of the current feedback
is about 1.8 ms. In the bottom figure, the d-axis reference
has a sinusoidal waveform whose frequency is 200 Hz. The
phase delay between the reference and feedback is about 45°.
These two results confirm that the bandwidth of the controller
is identical to that of the designed value. Thus, the feasibility of
the simplified motor model with three d—g synchronous-frame
controllers is confirmed by the experiment results shown in
Figs. 11 and 12.

To validate the functionality of the nine-phase motor and its
drive system, a load test was performed on the ground. The
nine-phase motor was installed and connected to a load motor
and inertia by the mechanical gear. The load motor emulates
the weight unbalance. The inertia is equivalent to that of an
elevator whose stroke is 540 m. The load test result under
the same condition as the ultrahigh-speed elevator operation is
shown Fig. 13. The figures from top to bottom represent the
equivalent car position, the speed reference, the speed feedback,
the torque reference, the Converter 1 a-phase current and the
Inverterl a-phase current.

The elevator operation can be divided into three sections: the
first is for acceleration, the second is the constant speed section,
and the last is the deceleration section (see Fig. 13). During the
acceleration period, which takes 15 s from 0 to 1080 m/min, the
nine-phase motor generates near maximum torque to accelerate
the inertia up to the rated speed. As the car speed is increased,
the motor output power is also increased. Thus, at the end of the
acceleration, the motor output power, which is a product of
the speed and torque, becomes 1 MW. The ringing torque
component at the beginning of the acceleration arises, owing to
the gear coupling dynamics, although this does not exist in an
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Fig. 13. Load test on the ground under the same condition as the ultra high-
speed elevator operation.
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Fig. 14. Operation of the elevator from the first to the 47th floor in the test
tower.

actual elevator system. After the acceleration, the speed is kept
constant with a synchronous frequency of 100 Hz withstanding
the load torque, which is mainly due to the weight imbalance
between the car and the counterweight. This unbalanced load
was set as the maximum and was emulated by the load motor.
In the deceleration section, the converters transfer regenerative
power from the kinetic energy to the grid. During this section,
because the load torque assists with the deceleration, the motor
torque is less than that during the acceleration section.

Fig. 14 shows the operation result of the ultrahigh-speed
elevator from the first to the 47th floor in the test tower when the
car is full. The test tower is the world’s tallest elevator test tower
but its stroke is 156 m, which is not enough to accelerate the
car up to 1080 m/min. Thus, the nine-phase motor and its drive
system were tested as a 600 m/min double-deck elevator to
match the load condition to that of a 1080 m/min class elevator.
In this case, the maximum acceleration was set as 0.8 m/s2.
For the first 10 s, idle states of the inverters and converters are
maintained and the system is set to receive a command from the
master controller. When the command is given, the drive system
begins to operate and the dc-link voltages are regulated to the
nominal voltage of 680 V. Therefore, the motor accelerates the
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Fig. 16. Grid-side current waveform with PWM interleaving.

main sheave up to the maximum speed according to the speed
reference profile. The acceleration waveform indicates the mea-
sured acceleration data at the car. As the speed increases, the car
acceleration rate is kept constant. The load torque, however, is
not constant because it is determined by the mechanical loss,
the wind resistance, and the weight imbalance in the test tower.
In this experiment, the constant speed section was very short
owing to the short stroke.

To improve the quality of the grid-side current, PWM inter-
leaving was applied. The effect of this is shown in Figs. 15 and
16. The converter output currents and the grid-side current with-
out the PWM interleaving technique are represented in Fig. 15.
The converter output currents of each set are nearly identical.
Thus, the grid-side current, which is the sum of the converter
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Fig. 17. Operation of the elevator in the test tower during an Inverter 1 fault.

output currents, also has considerable switching current ripple.
The magnitude values of the current near the switching, second-
order, and third-order frequencies are approximately 10, 7.5,
and 2 A, respectively. The experimental results under the same
operating condition but with PWM interleaving are shown in
Fig. 16. The current ripple of each phase is shifted from the next
one by one-third of the switching period and is thus canceled
out. As a result, the magnitude values of the ripple current near
the switching frequency and at twice the switching frequency
are dramatically reduced.

To determine the system fault tolerance, an inverter fault was
forced to occur during the acceleration of the car in the test
tower. The inverter fault-tolerant operation is shown in Fig. 17.
When the fault occurs, all of the Inverter 1 gating is turned
off. While the Inverter 1 current is reduced to zero, the outputs
of the other two inverters are increased to support the portion
of the faulty inverter. That is, before the fault, each inverter
delivers one-third of the motor power, but after the fault, each
nonfaulty inverter delivers one half of the motor power. During
this transient, the acceleration flutters because the fault acts
as an impulse shock, which is transferred to the car by the
ropes. Sensitive passengers may feel this small variation of the
acceleration but will not likely consider this as a fault because
it is short and neither continuous nor repeated.

V. CONCLUSION

The advent of modern high-rise buildings has brought about
the need for high-speed elevator systems. The conventional
three-phase electric drive system for high-speed elevators can-
not suitably satisfy the specifications of such a new ultrahigh-
speed elevator. This paper has concentrated on development
of a nine-phase PMSM and its drive system for an ultrahigh-
speed elevator. A mathematical model of the nine-phase PMSM
was evaluated and simplified by the symmetry of winding
sets and current controllers. Using the simplified mathematical
model, the nine-phase PMSM could be controlled by a conven-
tional three-phase current control algorithm. The validity of the
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simplified model and the control system of the nine-phase
motor was verified by the experimental results.

The experimental results obtained during the operation of an
elevator from the first to the 47th floor in an elevator test tower
were presented to validate the feasibility of the developed drive
system. Fault-tolerant operation was also tested to assess the
improvement of the system reliability. It was concluded that the
developed system and its controller are effective and reliable in
ensuring the desired operation of the elevator.
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