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Abstract- A novel topology based on linear power amplifiers
(PAs) and real-time sinusoidal voltage-adjustment power supply
systems (RTSPSs) for a permanent magnet synchronous motor
(PMSM) drive system is proposed in this paper. Here, PAs are
applied to achieve high-precision motor drive control and
minimize the motor torque ripple and harmonic loss caused by
nonlinearities of the inverter in traditional space vector pulse-
width modulation. Meanwhile, in order to improve the
conversion efficiency of PAs, the traditional DC power supply
system of PAs is replaced by the RTSPSs, which is based on the
wide-band-gap devices. The experimental results show that the
efficiency of PAs in the motor system is increased from 58.88 % to
79.25%, and the fluctuation of the motor speed at a given speed
of 2rpm is reduced from 27rpm to 0.5rpm.

Index Terms—Ilinear power amplifiers, real-time sinusoidal
voltage-adjustment power supply systems, permanent magnet
synchronous motor, wide-band-gap devices

I. INTRODUCTION

Permanent magnet synchronous motor ( PMSM ) is
widely used in aerospace and military industry due to its high-
power density, wide speed range, and flexible control. There
are a couple of methods that can be applied to achieve high-
precision control of PMSM such as include space vector
pulse-width modulation (SVPWM) and linear power
amplifiers (PAs). The traditional SVPWM method is easy to
realize for a full digital control with small losses. However,
the output current distortion caused by non-linear factors of
the inverter such as switching device voltage drop and dead
time, which will induce torque ripple and harmonic loss in the
motors[1-2]. Additionally, the high-frequency modulation
switching action of devices may cause an over-voltage in the
transmission cable and damage its insulation, resulting in huge
shaft current in the motor and shortening service life of the
motor [2].

Recently, in order to reduce current harmonics caused by
the SVPWM controller and improve the control accuracy of
the motor, many methods such as approximate dead-time-free
PWM modulation and pulse width compensation are proposed
[3-7]. The approximate dead-time-free PWM modulation
method omits the unnecessary turning on or off of the power
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device to reduce the non-linear effects caused by the dead time
[5]. In [6] and [7], the pulse width compensation method is
proposed to compensate the current distortion caused by the
dead zone effect. This method adjusts the duty cycle of the
PWM signal by deriving the relationship between the output
voltage error of the inverter and the polarity of the motor
phase current. A disturbance observer was designed to observe
and compensate the inverter output non-linear error in the
motor drive system [8].

Although the aforementioned studies offer methods for the
compensation of the dead-time effects and voltage drop of the
inverter, none of the proposed methods can eliminate the non-
linearity effects. Thanks to the Linear power amplifiers (PAs
), which can provide a pure sinusoidal output voltage, should
be a best choice to achieve the further accuracy improvement.
This method can avoid a series of problems caused by current
harmonics, such as the torque ripples and additional losses of
motors. Meanwhile, PA drive system is also friendlier to the
motor due to the effective avoidance of the overvoltage and
high shaft current which is induced by steep edges of the
PWM [9].

At present, integrated linear PAs are mostly used for motors
driven by H-bridges, such as brushed DC motors, two-phase
stepper motors, and voice coil motors. In [10] a PA module
OPA2541 was used to output a PWM waveform to drive the
motor. This control method can obtain higher control accuracy
through a simple circuit structure. However, it is only suitable
for single-phase motors and no consideration is given to
minimize the abundant losses of the PA. Hence, the efficiency
of the system is low. In [11], an integrated PA module
TDA1521 was used to drive a stepper motor produced by MI
TSUMI in Japan. Experiment results showed that the current
ripple of the motor is small, and the two-phase stepper motor
obtains a high-precision position control. However, the power
level of the drive system is small, and the PA generates a
considerable amount of heat. After comparing the advantages
and disadvantages of several types of PAs, Carsten
Wallenhauer and others studied drivers based on Class B PAs
for piezo actuator drives (PAD) [12]. They established a loss
model of the PA and proposed a method through switching
the power supply of the power transistor with an external
capacitor to reduce the voltage drop on the transistor, thus
reducing the losses of PAs. However, this method is only
suitable for capacitive loads, and the efficiency is improved by
sacrificing the linearity of the PA output voltage.

Although linear PAs can be applied to obtain a high control
accuracy, severe heat generation limits the power level and
reduces the power density of motor drive systems. At present,
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Fig. 1. OCL power amplifier circuit. (a)Internal structure. (b)
Simplified structure.
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Fig. 2. Working principle of the OCL. (a) The input features of the T,
and T transistors under u;. (b) The waveform analysis diagram of the
OCL power amplifier circuit.

most research studies about the efficiency improvement of PA
focus on the radio frequency power amplifier (RFPA), such as
switching RFPA technology, envelope elimination and
restoration (EER) [13], linear amplification with nonlinear
component (LINC) [14], and envelope tracking (ET)
technology. Utilizing ET technology, the supply voltage on
the transistors of Class A and Class B amplifiers can be
adjusted dynamically according to the input signal to improve
the efficiency of the PAs, while the high linearity is also
maintained.

There are two circuit structures to achieve the ET supply
voltage: a DC converter and a DC converter combined with a
linear unit. In [15] and [16], multilevel technology was applied
to realize the envelope tracker. The output voltage of the
envelope tracker can only be converted between several fixed
voltage values based on the reference signal. As the number of

fixed voltages increases, the efficiency of the power amplifier
increases, nevertheless, the voltage distortion intensifies . In
[17], ET technology was implemented by means of a DC
converter combined with a linear unit. This method is based
on a hysteresis current control and the efficiency is increased
to 60%.

Different from PAs used in a motor drive system, the
fundamental frequency of the RFPA is up to MHz and the
fundamental waveform is unipolar. Meanwhile, ET
technology with incomplete envelope supply voltage can meet
the efficiency requirements of the PA under conditions of low
power and high frequency.

In summary, there is little research on the application of
PAs for motor drives, especially for PMSM. Meanwhile, a
solution with high precision, strong applicability and

significant efficiency improvement has not been reported in
the field of motor drives.

Thanks to the emerging wide-band-gap power devices with
high switching frequency operation and relatively low
switching losses, it provides favorable conditions for solving
the serious loss of PAs in motor systems. Therefore, this paper
proposes a novel PMSM drive topology based on PAs and a
real-time sinusoidal voltage-adjustment power supply systems
(RTSPS) for PAs [18]. While achieving high-precision motor
control, it also greatly improves the efficiency of the PAs and
realizes a motor-friendly drive system with high accuracy, low
torque ripple and high efficiency.

II. A REAL-TIME SINUSOIDAL VOLTAGE-ADJUSTMENT POWER
SUPPLY SYSTEM

A. Loss model of PA under traditional power supply mode

Taking the output capacitorless (OCL) power amplifier
circuit shown in Fig. 1 as an example, the NPN transistor T}
and the PNP transistor T> have symmetrical features and are
powered by a +Vcc dual-power supply.

The input features of the T and T transistors under u; are
shown in Fig. 2(a). The waveform analysis diagram of the
OCL power amplifier circuit is shown in Fig. 2(b).

When u, =0V , then u,, =u,,=0V and both T, and T are
cut off, hence, the output voltage u, =0V . When u; is a

sinusoidal signal and u, >0V , then u, >u, >u, , T is

turned on and operates in the amplification area while T is
turned off, then the +Vcc supplies power to the load. When

u, <0V | then u,,>u,, >u,, T is turned on and operates in

the amplification area while T; is turned off, hence -Vcc
supplies power to the load. The two transistors are in a
complementary working mode.

According to Fig. 2(b), the static operating point Q is set on
the horizontal axis due to the complementary operation mode
of the transistors, namely ic=0. Hence, the cut off-distortion
does not occur. In order to avoid saturation distortion of the
PA output voltage, it must be guaranteed that

Ueg =Vee —U, =Voe —U_ SIN(@F) 2 U (1)
where, Vcc is the supply voltage for PA, Uy, is the maximum
undistorted output voltage of the amplifier, and wucgs is the
saturation voltage drop of the transistor. Then,

Ugn < Vee —Uegs 2)

It is known from (2) that for the OCL power amplifier
circuit, as long as the maximum output voltage of the power
amplifier does not exceed the difference between the power
supply voltage and the saturation voltage drop, the saturation
distortion of PA output voltage can be avoided.

The loss of a PA is mainly caused by the voltage drop
between the collector and the emitter of the transistor and the
current flowing through the transistor, that is

Ploss = MCE : iC (3)

where, ucg is the voltage drop across the transistor, and ic is
the current flowing through the transistor. The traditional DC
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Fig. 3. Normal DC power supply and output voltage waveform.
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Fig. 4. The voltage and current waveforms on T; and T under the Normal
power supply mode.

power supply mode is shown in Fig. 3, while the voltage and
current on Ty and T are shown in Fig. 4.

When the output voltage of the PA is Uo= UomSin(wt), the
average output power P, input power Pi, and conversion
efficiency 7 of the PA can be calculated under the traditional
DC power supply mode,

(U, sm(cot) U’
P= j ) f = —om 4)
2R,
U t 2U V.
Rn 21-.. om Sln(a) ) ~VCCd0)l — om ' CC (5)
0 R TR,
P U (Ve —u
n= o _ om < ( CcC CES) (6)
Rn 4VCC 4VCC

Ideally, the transistor voltage drop of the transistor Ucgs is
assumed as 0, the maximum conversion efficiency of the PA is
about 78.5%, and the average efficiency in an actual
application is less than 50%.

B. Loss model of PA under RTSPSs mode

In order to reduce the power losses when the PA works,
RTSPSs was proposed in our previous work [18]. The
RTSPSs power supply mode is shown in Fig. 5, while the
voltage and current on T; and T, are shown in Fig. 6
respectively. Under the same working conditions, the output

power, average input power and conversion efficiency of the
PA in RTSPSs are

. 2 2
P-p =lj-n (U,, sin(wr)) o= Yo -
oo R 2R,
P, =1J‘”M.(%ES +U,,, sin(or))dot
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Fig. 8. Output voltage of BUCK. (a) Normal output. (b) Output with
harmonics.
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Ideally, the voltage drop of the transistor Ucg is assumed as
0, and the efficiency of the PA can achieve 100%.

As shown in Fig. 7, the power losses of PA in the
proposed RTSPSs mode is significantly reduced compared
with the traditional mode.

In this paper, PAs supply power for the motor, while the
BUCK converters supply +Vcc for PAs, RTSPS and PA93 are
two different systems. According to the structure of RTSPS,
Vec is generated by the BUCK converter, the action of the
switch inevitably creates harmonics on the Vcc, but according
to the Eq.(2), as long as the U,y is guaranteed not to exceed
the difference between Vcc and uces, the output of PA93 can
avoid saturation distortion.

We carry out real-time power supply superimposed with
high frequency harmonics for the PA93 and compared with
the case without superimposed harmonics. As shown in Fig. 8,
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+Vec is generated by the RTSPS and the u, is outputted by the
PA93. Fig. 9 shows that the total harmonic distortion(THD) is
0.062% and 0.065% respectively. Fig. 9 confirms that the
fluctuates on +Vcc have tiny influence on the u, when the
Eq(3) is satisfied.

C. Circuit topology and simulation of the RTSPSs

Based on the above theoretical analysis, a bipolar BUCK
circuit was proposed to realize the RTSPSs for the PA. The
circuit topology is shown in Fig. 10, which can adjust the
output voltage according to the need.

When u;>0, the positive BUCK circuit provides +Vcc.
When u;<0, the negative BUCK circuit provides -Vcc. The
relationship between the input voltage u; of the PA and the
given voltage urr of the BUCK circuit is shown as follows,

U =AU + U, U >
{ refl i TUcgsu; 20 (10)
Uy = AU —Uegg, ; <0
where, A is the voltage amplification factor of the linear power
amplifier.

The transfer function of BUCK converter is a second-order
system and we choose PI regulator to improve the
performance of the system. From the Bode diagram, we can
calculate that P=0.141, 1=6709. Due to the error between the
actual system parameters and the theoretical value, the PI
parameters of the actual system need to be adjusted
appropriately. Finally, the PI control parameters are P=0.1 and
1=5000.

The main factors restricting the selection of inductance and
capacitance parameters in BUCK converter are the ripples of
output current and voltage. According to the inductance
characteristic equation,

TABLE I
SIMULATION PARAMETERS
Switching Inductance Capacitance Resistance
frequency  yvijue  Weight  Value  Weight
15kHz 500pH 59g 27uF 3l.4g 200
100kHz  100pH  20.4g 4.7uF 10.2g 200
Al
(uw, -u,)=L— (11)

we obtain the expression of the inductance parameter by the
follow equation,

fon Uy —14y) _ (uy —ut,) 4,

L Al Al " T a2
where, tonis the turn-on time of the MOSFET, A/ is the ripple
of inductive current, ui, and u, are the input and output voltage
of the BUCK circuit respectively, and T is the switching
period of the MOSFET. According to the requirements, A
Ina=5A, uin=200V, when u,=100V, the ripple reaches its
maximum, if the inductance can effectively suppress the
current ripple in this case, it can also ensure the normal
operation of the circuit when the output voltage is smaller than
100V. Hence, we obtain L=100pH.

There is an integral relation between voltage ripple and
current ripple.

1 1 1 T Al
Au=— | idt =—Xx—x—x—
CO;[ c, 22 2 (13)
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Fig. 11. Output of RTSPSs. (a) fs=15kHz. (b) fs=100kHz. (c) The
experimental waveforms: fs=100kHz

According to the requirements, 4Unax=1.33V, we can figure
out that C,=4.7uF.

In addition to the inductance and capacitance, switching
frequency also affects the output ripple of the BUCK
converter. Compared with the 15 kHz switching frequency in
Fig. 11(a), the harmonics are significantly reduced when the
switching frequency increases to 100 kHz as is shown in Fig.
11(b), the values of inductance and capacitance are reduced to
20% while the total weight is reduced to 30% as shown in
Table 1. The experimental waveform corresponding to Fig.
11(b) is Fig. 11(c).

The dynamic performance of BUCK converter can be
improved obviously because the high switching frequency can
reduce the value of inductance and capacitance. As shown in
Fig. 12(a) and (b), when the switching frequency is 15kHz and
the fundamental wave frequency is 500Hz, the lag time is
450pus, while the lag time is 80us when the switching
frequency is 100kHz and the fundamental wave frequency is
1kHz . The experimental waveform corresponding to Fig. 12(b)
is Fig. 12(c). Therefore, the high switching frequency plays an
important role in reducing the volume of the system and
improving the dynamic response performance.
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Fig. 12. Comparison of RTSPSs simulation. (a) fs=15kHz. (b)
fs=100kHz. (c) The experimental waveforms: fs=100kHz

TABLE II
COMPARISON OF PA EFFICIENCY UNDER TWO MODES

der RTSPSs syst

PA efficiency Under RTSPSs system
Uom under Normal

power supply PA BUCK thal

efficiency efficiency efficiency

30V 10.7% 85% 80% 68%
50V 19.2% 92% 89% 81.9%
100V 38% 96% 95.5% 91.5%
150V 59.2% 97.2% 96.8% 94.3%
180V 70% 97.8% 97.2% 95%

However, 100kHz is a challenge for the traditional silicon

(Si) devices. Thanks to the emerging wide-band-gap devices
such as Silicon Carbide (SiC) and Gallium Nitride (GaN),
which have high switching-speed and low on-resistance.
Hence, the wide-band-gap devices can provide favorable
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conditions for realizing the proposed RTSPSs system.
Meanwhile, its characteristics are slightly affected by
temperature changes. Hence, the SiC MOSFET could maintain
the superior performance and reliability of the system for
long-time running [19].

When the bus voltage is £200V, the switching frequency is
100kHz, the output voltage of the PA is 100V, the load
resistance is 20Q and the ucgs is set as 5V, the efficiency of
the PA under other working conditions is shown in Table II. It
obviously manifests that the proposed RTSPSs system can
effectively improve the efficiency of the power amplifier
compared with the traditional power supply mode.

D. Loss model of RTSPSs System

In order to clarify the overall power losses of the power
circuit, the loss of the single BUCK converter is analyzed in
consideration of the symmetry of the proposed RTSPSs
system. The losses are mainly generated by the switching
devices, freewheeling diode, inductor and capacitor. The
positive direction of voltage and current on each device is as
shown in Fig. 13. Ideally, the voltage and current waveforms
of each device in a switching process are shown in Fig. 14.

According to Fig. 14, the conduction losses, turn-on losses,
and turn-off losses of the switching device are calculated as

follows:
P5700n = léS : RDS(an) = IE : RDS(an) (14)

PSOﬁfsw{ Ts(t)dtﬂ j S(t)dt}

4

5)

1
zEfsw 'VDC'IL'(% _tz)z_fsw 'VDC 'IL'tr

tjuDS (dt +V,. - j in (t)dt]

1 1

B on = fow- |:
(16)

1 1
zEfsw Ve 'IL'(t7_t6)zEfsw Ve 'IL'tf

The conduction loss, turn-on loss, and turn-off loss of the
freewheeling diode are calculated as follows:
PD_con :IL .VF (17)

]

Py on = Fw * s Ding (0t

5

Fow T (Ve +Ve ) (1, = 1,) (18)
Jsw 1y '(VF+VDC -1 'RDS(on))'tf

_ j (Odr + j (O (t)dz}

i !

D off fSW |:

1
fsw VF' IL+1RM L~ +7f§W'VR'IRM' L—1
(1 F) ) ! (1) )

1
—fow VF'(IL+IR ) 2’ += fsw ( DC IL'RDS(om)'IRM'tr

1
2
1
2
1
4fsw VF'(ILJrIk )t += fsw ( DC IL'RDS(on))'IkM'tr
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Fig. 13. The positive direction of voltage and current on each device.
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Fig. 14. The voltage and current waveforms of each device.

where, fsw is the switching frequency, Rpseon) iS the on-
resistance of the switching device, Vpc is the bus voltage, I1.
is the current through the inductor, # and # are the rise time
and fall time of the switching device respectively, Vr and Vr
are the forward voltage drop and reverse cut-off voltage of the
freewheeling diode respectively, Irm and £ are the maximum
reverse recovery current and reverse recovery time of the
freewheeling diode respectively.

The losses of the inductance and capacitance can be
calculated as follows:

PCu:IE'RL (20)

P. =12 R. (1)
where Ry, and Rc are the equivalent resistances of inductances
and capacitances respectively.

When the bus voltage is #200V, the switching frequency is
100kHz, the output voltage of the PA is 100V, the load
resistance is 20Q and the ucgs is set as 5V, then the output
power and the efficiency of each level are shown in Fig. 15. If
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TABLE III
EFFICIENCY COMPARISON BETWEEN CALCULATION AND
SIMULATION

Under Normal power supply Under RTSPSs system
Uom

Calculation Simulation Calculation Simulation
30V 11.78% 10.7% 86.49% 85%
50V 19.63% 19.2% 92.70% 92%
100V 39.25% 38% 96.4% 96%
150V 58.88% 59.2% 97.93% 97.2%
180V 70.65% 70% 98.58% 97.8%

the normal power supply mode is used, the output power and

the efficiency of the PA are shown in Fig. 16.

It can be seen from Fig. 16(b) that under the same working
conditions, the efficiency of the PA is increased from 38% to
96% by using the proposed RTSPSs system. The efficiency of
the PA under other working conditions is shown in Table II.
The results clearly demonstrate that the proposed RTSPSs
system can effectively improve the efficiency of the power
amplifier compared with the traditional power supply mode.
The simulation results are basically consistent with the
calculation results by the established loss model of PA as
shown in Table III.

III. PMSM DRIVE SYSTEM BASED ON PAS
A. Circuit topology and control logic

PMSM drive control, a PMSM drive topology based on PAs
and the RTSPSs is proposed shown in Fig. 17.
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The topology has three closed-loop controls: voltage closed-
loop, current closed-loop, and speed closed-loop. The voltage
closed-loop is used to keep the output voltage of the RTSPSs
following the sinusoidal output voltage of PAs to improve the
efficiency without the distortion of the output voltage. The
rotor position signal of the motor detected by the resolver and
the phase current detected by current sensors are transmitted to
the controller to complete the calculation of the speed loop
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Fig. 15. Under RTSPSs model. (a) Output power of each stage. (b)
Efficiency of each level.

1200

—_

3

=3

<
T

Output Power(W)
£ ssg

0~ Output power of bus supply |
| | T Output power of PA
0 5 10 15 20 25 30 35 40 45 50
Time(ms)

10 Normal mode |
0 | | — RTSPS mode
0 5 10 15 20 25 30 35 40 45 50
Time(ms)
(b)

Fig. 16. Output power and efficiency comparison of PAs under normal
power supply model. (a) Output power of each stage. (b) Comparison of
PA efficiency under two models.

and current loop. Then the three-phase voltage control signals

are used as the input signal of the PAs after D/A conversion
and isolation.

The control structure block diagram of the PA drive system
is shown in Fig. 18. After the given speed signal spd* is
compared with the actual speed spd of PMSM detected by the
resolver, the speed-loop PI is adjusted to obtain the given g-
axis current signal i*q. Meanwhile, the phase currents ia, ip.
ic, and the angular speed signals w are converted to the actual
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Fig. 17. The PMSM drive topology based on PAs and the RTSPSs.

i Ug™aqn|Ua
e i abe
—> ®
 Current -
A
s lop

G0

Spd* Spd PI ig*
R
Spd iy

| Speed
| closed-loop

Fig. 18. The control structure block diagram of the motor drive system
based on PAs and RTSPSs.
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Fig. 19. Simulation results with PA drive system. (a) 30rpm. (b)
6000rpm.
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Fig. 20. Simulation results with SVPWM drive system. (a) 30rpm. (b)
6000rpm.

transform and Park transform. Then, the difference between
iq" and iq is calculated by the g-axis current PI, and the
difference between 0 and iq is calculated by the d-axis current
PI to obtain the given voltage signal u"qand u”q, respectively.
Then, the given three-phase voltage values u™s. u's . u’c are
obtained through inverse Park transformation and inverse
Clarke transformation. Meanwhile, u*,. u, . u’'. are also
used as given values for the RTSPSs to generate a sinusoidal
power supply voltage. Then, the voltages u"a. us . u’c are
amplified to Us,. Uy, U to drive the PMSM through D/A
conversion and power amplification.

B. Simulation of the proposed drive system

The simulation was carried out in Simulink based on Fig.
18, and the simulation results under low speed and light load
are shown in Fig. 19. For the traditional SVPWM, the
simulation results with the same motor and working
conditions are shown in Fig. 20.

The total harmonic distortion (THD) of the phase current
waveform can be obtained by Fourier analysis. The
comparison results of the current harmonics and torque ripple
of different load are shown in Table I'V.

It can be seen from Table IV that the phase current THD
and torque ripple in the PMSM drive system based on PAs are
much smaller than the drive system based on SVPWM under
different loads, especially at low speed and light load. When
the speed is 30rpm and the torque is 0.1 Nm, the phase current
THD is only 0.02% in the PA drive system, while the current
THD is as high as 29.73% in the SVPWM system, the stator
current and its THD are shown in Fig. 21(a) and (b). To
further prove the advantages of the proposed topology in
suppressing harmonics, we can add a filter to the SVPWM
inverter, and compare this two circuits. LC filter is selected

TABLE IV
Comparison of current harmonics and torque ripple at different loads
under two modes

Based on PAs Based on SVPWM
Speed Torque
THD of Torque THD of Torque
current ripple current ripple
0.1 N-m 0.02% 0~+0.001 29.73% -0.1~+0.1
30rpm 1 N-m 0.03% 0~+0.005 21.3% -0.5~+0.2
10 N-m 0.06% 0~+0.006 5.6% -0.5~+1.8
0.1 N-m 0.02% 0~+0.2 35.3% -0.1~+0.4
6000rpm 1 N-m 0.04% 0~+0.2 17.10% -0.1~+0.8
10N-m 0.09% 0~+0.2 2.61% -0.1~+0.5
NVAAPR 7 S0 THD=0.02%
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Fig. 21. Stator current and its THD in different mode. (a) PA drive
system. (b) SVPWM drive system. (c) SVPWM drive system with filter.

here, and the parameters are set as L=174uF, C=6.825pF.
When the filter is added to the system, the THD becomes
2.14%, as shown in Fig. 21(c). By comparing Fig. 21(a) and
Fig. 22(c), the filtering effect of phase current harmonic by
using inverter with filter is still not as obvious as the proposed
topology.

It can be inferred that the PMSM drive system with PAs can
achieve high-precision, especially under conditions of low
speed and light load, and reduce the additional losses of motor
caused by current harmonics.
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(a) (b)

Fig. 22. The designed PCB. (a) RTSPSs PCB. (b) Controller PCB based
on DSP28335.

(a) (b)
Fig. 23. The PMSM drive experimental platform. (a) Based on PAs and

RTSPSs. (b) Based on traditional SVPWM.
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Fig. 24. Flow chart of PI regulator algorithm.

IV. EXPERIMENT AND ANALYSIS

A prototype was designed and manufactured, which
includes a controller board based on DSP28335 and three
driver boards based on PAs and RTSPSs as shown in Fig. 22.
The PMSM drive experimental platform based on both PAs
and traditional SVPWM are set up as shown in Fig. 23(a) and
(b) respectively.

From Fig. 23(a), the current sensor used in the closed-loop
control of the drive system is the Hall-type current sensor
DHAB S/14 produced by LEM, and the high-precision voltage
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Fig. 25. PIregulation following results. (a) Straight axis current

following results. (b) Quadrature axis following results. (c) Speed

probe P5100A is used to detect the output voltage of the PA.
The current clamp Tektronix A622 can accurately observe the
motor phase current waveform. The motor is a 4-pair
permanent magnet synchronous motor and the resolver is
produced by Tamagawa.

The motor drive experimental platform based on the
SVPWM in Fig. 23(b) adopts the same motor, resolver,
current clamp and voltage probe as the PA drive platform. The
control board is still based on the DSP28335 and the power
devices are SiC MOSFET C2M0025120D (1200V/90A)
produced by CREE with an on-resistance of 25mQ. The
current sensor uses the on-chip type CKSR 75-NP produced
by LEM.

Based on the experimental platform shown in Fig. 23 and
the separated PI adjustment algorithm with limiters shown in
Fig. 24, experimental comparisons are conducted between the
PA-based drive system and SVPWM motor drive system. It
should be noted that the switching frequency of the MOSFET
is 100kHz and the saturation voltage drop Uck is set to 15V in
the PA-based motor drive system, while the switching
frequency of the inverter is 15kHz and the dead time is set to 1
us in SVPWM drive system. And the bus voltage value is 60
VDC.

The given current is set as a square wave with 100Hz
frequency and the amplitude of OA to 3A. The following
results under the PI adjustment of the d-axis current iy and the
PI adjustment of the g-axis current iq are shown in Fig. 25(a)
and (b). As shown in Fig. 25(c), the given speed is set to a
square wave with 10 Hz frequency and amplitude of 20rpm to
40 rpm.
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TABLE V
Comparison of speed ripple under different given speed
Based on PAs and Based on SYPWM
Given RTSPSs
speed Maximum Maximum
. Error . Error
speed ripple speed ripple
2rpm 0.5rpm 25% 27 rpm 1350%
50rpm 4rpm 8% 12 rpm 24%
500rpm 2 rpm 0.4% 8 rpm 1.6%
1000rpm 4 rpm 0.4% 6 rpm 0.6%
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Fig. 26. Comparison of speed ripple. (a) 2rpm. (b) 50 rpm.
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Fig. 27. Comparison of current harmonic under different speed. (a) 2rpm.
(b) 5S0rpm.

Fig. 25 shows that the current fluctuation is less than 1mA,
and the speed fluctuation is less than Srpm based on PAs and
designed PI regulation.

In the two control modes, a comparison experiment is
performed on the speed ripple and phase current harmonics of
the motor under two control modes. The experimental results
are shown in Fig. 26 and Fig. 27.

From the comparison shown in Fig. 26, the speed ripple in
the PAs-based PMSM drive system is less than that based on
the traditional SVPWM system under the same given speed.
Especially at 2rpm given speed in Fig. 26(a), the drive system
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Fig. 28. Comparison of PA temperature rise. (a) 400rpm. (b) 800 rpm.
(c) 1500 rpm.
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Fig. 29. Comparison of PA efficiency with different speeds.

can still keep the motor running smoothly based on PAs, while
the speed of the motor has shown a "crawling" state in the
SVPWM drive system, which demonstrates an excellent
performance on high-precision control of the PA drive system.
The different speed ripples are compared in Table V.

From the comparison of the motor phase currents at
different speeds shown in Fig. 27, the phase currents
harmonics of the motor in the PAs-based PMSM drive system
are significantly smaller than that in traditional SVPWM drive
system. When the peak value of phase current is only 400mA,
the current in PA drive system is still a sinusoidal waveform,
hence, the accuracy of the motor speed is higher. At the same
time, the phase current is significantly distorted during the
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zero-crossing stage due to the dead time, which causes serious
speed ripple and losses of motor in SVPWM drive system.

In order to further verify the effectiveness of the proposed
RTSPSs in improving the efficiency of the PAs in the motor
drive system, a comparative experiment is also performed.
The power supply of phase A is under the RTSPSs, while
phase B and C are under the traditional constant voltage power
supply. The temperature of the three-phase PAs is detected by
a laser thermometer. The bus voltage is +60VDC and the
saturation voltage drop of the PA is set to 15V, and the motor
runs at 400rpm, 800rpm, and 1500rpm, respectively. With the
running time, the temperature change of each phase linear
power amplifier is shown in Fig. 28.

Both Fig. 28 and Fig. 29 manifest the RTSPSs can
effectively reduce the temperature rise of the PA. The
maximum temperature difference can reach 16°C, and the PA
efficiency has increased from 58.88% to 79.25%. And the
proposed RTSPSs can significantly improve the PA efficiency
at the full speed range of the motor. In addition, if PA93
works at the maximum voltage, namely + 200VDC, the speed
range of the motor is expected to be extended accordingly, and
the average output efficiency of the controller should be
higher.

V. CONCLUSION

This paper demonstrates a novel PMSM drive system based
on linear PAs and RTSPSs, which have the advantages of high
linearity and small ripple. The proposed RTSPSs 1S based on
wide-band-gap devices and BUCK converters, which
improves the conversion efficiency of PAs without output
voltage distortion distinctly. Experiment results show that the
PA efficiency is increased from the conventional 58.88% to
79.25%, and the temperature is reduced by 16°C, which also
improves the reliability of the PAs and relaxes the limitations
of the applied occasion. Compared with the traditional
SVPWM drive system, the proposed drive system can achieve
high-precision control of the motor, especially at low speed
and light load. Hence, the proposed drive system realizes a
motor-friendly drive control with high precision and high
efficiency.
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