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ABSTRACT In traditional motor drive system, large volume electrolytic capacitors are utilized to buffer
energy and stabilize the dc-link voltage. However, these capacitors affect the reliability of the drives and
narrow the conduction angle of diode-rectifier. As a result, the grid side current is distorted and the power
factor is deteriorated. In order to settle these issues, small dc-link capacitors can replace the electrolytic
capacitors. In this paper, a motor torque control method with dc-link voltage feed-forward compensation for
an interior permanent magnet synchronous motor (IPMSM) drive system is proposed. Hence, an integration
multi-resonant (/-MR) controller is established to regulate the motor torque to obtain high input power factor
and low grid current harmonics. In addition, a voltage feed-forward compensation is used to diminish the
error of motor torque control. The effectiveness of the proposed method is verified through simulation
and experiments. Results indicate that the input power factor can reach about 99.4% and the grid current

harmonics are considerably lower than the requirement of EN-61000-3-2 standard.

INDEX TERMS

I. INTRODUCTION
Nowadays, interior permanent magnet synchronous motors
(IPMSMs) have been widely used in industrial and white
home applications due to their superior efficiency, power
density and torque-to-inertia ratio [1]-[3]. Generally, in tra-
ditional AC-DC-AC IPMSM drive systems, large capacity
electrolytic capacitors are utilized at dc-link to buffer energy
and stabilize the voltage. It may lead to high cost, large vol-
ume, short lifetime and greatly affect the competitiveness of
the system in the industrial applications [4]—[7]. Furthermore,
the single-phase diode-rectifier has narrow conduction angle
and the input current is pulsating. This discontinuous current
contains many high order harmonics, which lead to distortion
of input current and deterioration of grid power factor. Thus,
the grid input performance for the IPMSM drive system is
degraded [8].

In order to solve these problems, the small dc-link capac-
itor IPMSM drive system has been developed. A film
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IPMSM, small dc-link capacitor, high power factor, torque control, integration
multi-resonant controller, voltage feed-forward compensation.

or ceramic capacitor can replace the electrolytic capac-
itor, as shown in Fig. 1. This topology consists of a
single-phase diode-rectifier, a film capacitor and three-phase
voltage-source inverter. Compared to electrolytic capacitor,
the film capacitor has high reliability and less capacitance per
unit [9], [10], which can reduce the overall system volume
and cost. Meanwhile, with capacitance at dc link remarkably
decreased, there is no device to store energy, the current can
be flowed into the inverter directly. Thus, the input current
becomes smoothly, and the grid quality of the system can be
improved.

To obtain a high power factor and low grid harmonics in
small dc-link capacitor drive system, many research efforts
have gone into the development of power factor control.
Many power factor correction (PFC) topologies [11]-[15],
such as DC-link shunt compensator (DSC) have been recently
employed in [11]-[13]. However, the PFC circuits must have
additional isolation, electrolytic capacitors and switching
devices. It increases the cost and the volume and is not
suitable for the economical motor drive system.
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In addition to the topology modification, an inverter power
control method was proposed in [9], [10], [16]-[20]. The
power control loop was cascaded between the speed loop
and current loop based on the relationship between gird
side input and inverter output power. Then, a lot of power
controllers were implemented to control grid power factor
and the input current harmonics. A proportional-integrational
(PD) controller was applied in [16], however, the power fac-
tor is satisfied only at rated load. In [17], the repetitive
controller was proposed to replace the PI controller. It has
the ability to learn signal model and achieve better control
performance when tracking periodic signals. But the digi-
tal implementation is complicated. A proportional-resonant
(PR) controller [18] and a proportional-integrational-resonant
(PIR) [19] controller were proposed. The resonant (R) con-
troller can track sinusoidal signal at grid input frequency
better. Son et al proposed a direct power control method
in [20]. It computes d-q axis current reference offline at
several operating points, but the robustness of the proposed
method is weak and load condition is necessary for offline
calculation. Therefore, the gain of all these power controllers
cannot be designed because of the nonlinearity caused by the
inverter output power feedback.

Hence, to improve the drawbacks of power control method,
the motor torque control strategy was proposed in [21]-[23].
As the speed is approximate considered to a constant value,
the power control strategy can be converted into a lineariza-
tion control system. Thus, comparing to the power control
method, the motor torque control focuses on the relationship
between the input power and the motor torque. It replaced the
power control to generate the g-axis current reference. In this
torque control system, the integration resonant (IR) [21], [22]
and integration quasi-resonant (IQR) [23] controller were
proposed, which consists of an integrator and a sinusoidal
tracking controller. It is easy to design the controller parame-
ters to achieve a high power factor by the linearization of the
control system. But these control methods only focused on
the input current fundamental components.

In order to obtain high grid power factor and suppress
the input current harmonics for small capacitor IPMSM
drive system, this paper proposes a motor torque control
method including torque control loop based on integration
multi-resonant (I-MR) controller and voltage feed -forward
compensation strategy. The motor torque control loop is
established to regulate the motor torque to track the input
power, which guarantees the grid input current to be sinu-
soidal signals. Then, the I-MR controller is designed to calcu-
late g-axis current reference, comparing to the power control
system, the gain of the controller is easy to design under the
torque transfer function and simple control structure, so the
physical meaning is clearly. Moreover, with the limitation
of current control bandwidth and the dc-link voltage insuf-
ficient, the motor torque can’t follow the reference well.
The voltage feed-forward compensation strategy is applied to
reduce torque control error, which improves the torque con-
trol performance. Therefore, the grid input current harmonics
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are suppressed, and the quality of the input current can be
improved.

This paper is organized as follows. Section II analyzes
the torque characteristics of the small dc-link capacitor drive
system, and the principle of motor torque control is presented.
In Section III, the proposed motor torque control method
based on I-MR controller is discussed and realized, includ-
ing the controller parameters designing and stability analy-
sis. The voltage feed-forward compensation is presented in
Section I'V. Finally, the effectiveness of the proposed control
method is verified by simulations and experiments.

II. PRINCIPLE OF MOTOR TORQUE CONTROL

As the large-capacity electrolytic capacitor is replaced by the
small film capacitor, there is no energy buffer at dc-link. The
IPMSM drive system not only controls the motor but also the
grid power factor [21]. Therefore, the relationship between
the power factor and the motor torque control is described
below.

In order to obtain high power factor and reduce grid current
harmonics, the grid input current must be synchronized with
grid voltage. The grid voltage ug, grid current i, and the
expected grid power P, can be presented as follows:

ug = Uy sin(8,)
ig = Iy sin(6y)
Do = Ugiy = Uyl sin’(6,) (1)

where U, and I, are grid input voltage amplitude, current
amplitude, respectively. 6, is the phase angle of the grid.

Ignoring the line resistance, inductance and the voltage
drop on diode rectifier, the dc-link voltage is approximate to
the absolute value of the grid source voltage due to the low
capacitance of film capacitor. It cannot maintain a constant
value and fluctuate with twice the frequency of grid voltage,
so the dc-link voltage and capacitor power p. can be calcu-
lated as follows:

uge = |Ug sin(6,)|
duge _ l

Pe = Cacltge 7 )

where w, is angular speed of the AC grid, Cy. is the capaci-
tance of the dc-link capacitor.

According to Fig. 1, the inverter output power p;,, can be
obtained by subtracting the capacitor power p, from the grid
input power p,. It can be calculated as follows:

wgCac Uy sin(26,) )

Pinv = Pg — Pc (3)

By substituting Eq. (1) and Eq. (2) into Eq. (3), the inverter
output power pjy,, is obtained:

. 1 ,
Pinv = Uyl sin®(6;) — Ewgcdcuj sin(26,)

Yo, — Lo 1+(Y")2'(29 +¢)
= 5 UYelg — 5 Uglg 3 ) sin(etg
2 288y Y,

= Piny + Piny 5in(20, + ) )
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FIGURE 1. Circuit diagram of the inverter with small dc-link capacitor.

where Pj,, is the dc component, Pinv is the ac component.
Y., Y, are the dc-link capacitor and grid input equivalent
admittance, respectively. ¢ is the power phase.

Considering the motor voltage equation in the d-g refer-
ence frame, and the electrical losses other than the copper
loss as pjss, the inverter output power p;,, is represented as:

3 . .
Pinv = E(udld + “q’q)
L.5wmigler + (La — Ly)ial

le
di di
+ 15(Laig — + Lyig—) + L5R(B + ) (5)
dt dt N _
Pmag Ploss

where ig, iy, La, Ly, Rs, ¢r and w, are the dg-axis currents,
the dq-axis inductors, the stator resistor, the permanent flux of
the motor and motor mechanical angular speed, respectively.
Pm is the motor mechanical power, p,qg is the inductive power
by change of the current and py,,; is the copper loss.

In addition, for the motor mechanical time constant is
much larger than the electromagnetic time constant, the motor
speed w, is approximate considered to a constant in one
switch cycle. Converting power dimension into equivalent
torque, the grid input equivalent torque 7, is obtained:

T, = p_g _ p_c+lﬂ+pmag +ploss
@r (973 Wy Wy Wy
= Tc + T + Tmag + Tloss
= Tc+ Tiw (6)

where 7. is capacitor equivalent torque, T is the motor
mechanical torque, Ty is the inductive equivalent torque,
Tjoss 1 the copper loss equivalent torque and ty, is the inverter
output equivalent torque.

When the dc-link capacitance is very small, it is obviously
that 7. <« Ttj,. The sharp of the grid input current can
be directly affected by the output equivalent torque of the
inverter. A high power factor can be obtained by controlling
the inverter output torque on the basis of Eq. (6).

Based on the torque analysis above, in order to achieve high
power factor and low THD of the grid current, the purpose
of torque control method is to ensure the grid input equiva-
lent torque to be sinusoidal. According to Eq. (6), the grid
input torque consists of the film capacitor torque and the
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inverter torque. The inverter torque can be calculated accord-
ing to Eq. (5). When the input source voltage and frequency
is set, the film capacitor equivalent torque only determined
by the capacitance at dc-link, and it is much smaller than the
inverter torque. As a result, the inverter output torque should
track the expected grid equivalent torque effectively.

Ill. THE MOTOR TORQUE CONTROL METHOD

Fig. 2 shows the block diagram of the proposed motor control
method. The system consists of a speed control loop, motor
torque control loop and current control loop. The motor
torque I-MR controller is cascaded between speed and cur-
rent controllers, which generates the g-axis current reference.
It is possible to regulate the inverter output torque to track
the grid input torque. And make the diode rectifier current
continuous to reduce the grid current harmonics. Meanwhile,
a voltage feed-forward compensation is adopted to diminish
the torque control error. It modifies the inverter voltage vec-
tor to improve the torque control performance. Furthermore,
to ensure the high speed of the motor and the input power fac-
tor [16] during low dc-link voltage range, the d-axis current
generator is used for flux-weakening control. The detailed
analysis of the proposed control methods are illustrated as
follows.

Fig. 3 shows the block diagram of the inverter motor torque
loop. According to Eq. (6), the output of the speed controller
T} is the average equivalent torque produced by the grid
input power. The grid input equivalent torque reference 7}
is obtained by multiplying 7'} and sinz(eg). Here, the 0, is
detected from a phase locked loop in [24]. The inverter output
torque reference 7}, is obtained by subtracting 7. from z}.
If the inverter output torque can be regulated precisely, a unity
power factor is obtained [23].

Actually, the motor torque controller controls the motor
torque and the grid input current. It improves the grid
input performance by controlling the motor torque. Accord-
ing to Eq. (3) and Eq. (6), the inverter torque t;,, can be
represented as:

Tiny = Tiny + finv Sin(zeg +¢) @)

It can be seen that inverter torque T, consists of two
components. The first item is the dc component, and the
second item is ac component, which is a periodic sinusoidal
signal with twice frequency of grid source voltage. To achieve
unit power factor, the output torque of the inverter needs to
be preciously controlled to track the sinusoidal input torque.
Therefore, a suitable controller should be designed for a small
capacitor drive system.

Based on the internal model principle, the resonant
(R) controller can be used to track alternating signals with-
out any steady-state errors. So the integration resonant (IR)
controller can be adopted to replace the PI type controller
and eliminate the tracking error. An integrator //s and res-
onant controller s/(s2 + w20) in [25], [26] that targets at
twice frequency of AC source voltage should be contained
in the motor torque controller. The transfer function of ideal
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FIGURE 3. Diagram of the inverter with small dc-link capacitor.

resonant controller can be expressed as

K,s
Gr(s) = >, 2 ®)
§° + wy

where K, is resonant gain, wy is resonant frequency. Since
only alternate components compose the inverter current ref-
erences, the conventional ideal resonant controller does not
guarantee zero error in steady state. Thus, the integral-multi
resonant (I-MR) controller is adopted [27]-[29]. The transfer
function of I-MR controller Gy_pr(s) is given as

Ks
Gr-mr(s) = Z 21 (ron? )]
where K; is the integral gain, K, is resonant gain at a specific
resonant frequency, n = 1,3,5,9,..., M, which repre-
sent the first, third, fifth, seventh, and ninth input current
components.

Fig. 4 shows the bode diagram of the multi resonant (MR)
controller with n = 1,3 at different gains such as Krl,
3 = 10, 60, and 200, respectively. It can be concluded that
K, affects the gain of the controller. When the K,,, increases,
the gain at resonant frequency increases too.

Based on the above analysis of the I-MR controller
characteristics, the AC component can be control by
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FIGURE 4. Bode diagram of multi resonant controller. (a) K. (b) K, 3.

parameter K,,, while the DC component can be control by
parameter K;. In small capacitor drive systems, considering
the sampling delay and the pulse width modulation (PWM)
delay time, it assumes that the motor current can track the
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reference with no state error which means i ~ i;. The
motor torque control loop with I-MR controller can be setup
as shown in Fig. 5.

M
D
n=

s+ (na)0

q Tiny

Z-inv + l + iq 1
s T,s+1

FIGURE 5. Block diagram of motor torque control loop.

where Ty is the time delay of current control loop, K; is torque
coefficient. According to Fig. 5, there are two important con-
trol parameters, the first is K;. When K;;,, = 0, the DC compo-
nent Tj,, passes through integration controller by neglecting
the AC component T;,,. The closed loop transfer function can
be simplified as a typical second order model as follows:

Gals) = 2 = Kl
‘ ¥ s(Tas+ 1) + KK,
o

==—— (10)
52 + 2ews + w?
where w; is the natural frequency of the system, ¢ is the
damping coefficient. Then the integration gain K; can be
set as:
Wy

28K[

The other parameter is K,,. When K; = 0, the equivalent
open-loop transfer function with respect to the resonant gain
K, is given by

(11)

i =

KiK;ns K;s

(Tas + D2+ (nwo)?) (s + t2)(s2 + (nwp)?)
(12)

H,(s) =

where K, = K;K,,74 is the equivalent open-loop gain,
1y = 1/T4. In order to analyze the system stability and
turn the controller parameters, the sampling time was set to
50us, and Eq.(12) was transfered into discrete time domain.
The root locus of the close-loop with K, changes from 0 to
infinite is shown in Fig. 6. Obviously, while the resonant
frequency nwy changes, the closed-loop characteristic roots
can be located inside the unit circle boundary in the z plane,
which indicates a stable system.

In Fig. 6, the closed-loop characteristic roots move toward
to the outside of the unit circle, and the stability margin
weakens while K, increases. Then, the resonant gain K,
should be selected as K;;,; < 193. In addition, the damping
ratio is usually selected around 0.707, and the overshoot of
the motor torque is configured below 10%. Then, parameters
of the I-MR controller is selected as K,; = 30 in this case to
achieve sufficient stability margin as well as relatively high
gain around the resonant frequency.
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FIGURE 6. Root locus of the I-MR controller.

On the basis of analysis above, it can be found that the pro-
posed motor torque controller has low magnitude attenuation
and phase delay at resonant frequency point. It can achieve
rapid response to ensure dynamic performance of motor drive
system.

IV. VOLTAGE FEED-FORWARD COMPENSATION

The motor torque controller regulates the inverter output
torque to track the grid input torque well. But in small capac-
itor drive system, with limitation of the current control loop,
the error between the torque reference 7}, and the actual
feedback torque tj,, can’t be completely eliminated only by
adopting the I-MR controller. It is difficult to achieve the ideal
control effect.

)
\
\/ Saturation

>n’ . T
'N} saturation
»
L . . |
0 10 20 30 40
Time(ms)

Grid input voltage & DC-link voltage

FIGURE 7. Simulation results of the dc-link voltage and voltage
saturation state.

In addition, without large electrolytic capacitors at dc-link,
the dc-link voltage fluctuates with twice the frequency of grid
source voltage. During the voltage valley, as shown in Fig. 7,
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the current controller and the PWM will saturate that the
motor current can’t follow the reference, and motor current
would flow into dc-link capacitor at high speed. Then, the
grid input current will be clamped when crossing zero. As a
result, the conduction angle of diode-rectifier is narrowed and
the input power factor is reduced.

In order to solve above problems, a voltage feed-forward
compensation is applied to improve torque control perfor-
mance. The inverter output voltage modification strategy is
described as below:

*

T
AFF = % (13)
Tiny
ugy = AFF - u} (14)
ugy = AFF - uZ

where AFF is the voltage correction coefficient, u(’; and u;'; are
the outputs of the current controller, the ugy and ugy are the
voltage vector references of the inverter.

According to Eq.(13) and Eq.(14), when 1} =~ 1,
the motor torque can track the reference well and AFF =1,
that means the voltage does not need to be modified. But
when t} # Ty, especially the voltage is insufficient,
the voltage correction starts automatically. For the tracking
performance of the d-q currents is limited by the bandwidth
of the current control loop, the controller outputs would delay
after the actual voltage. The voltage feed-forward can correct
the inverter output voltage in real time, which improves the
inverter torque response to compensate the deficiency of the
current control bandwidth.

The AFF must be limited to avoid abrupt changes in the
output voltage, which would destroy the inverter and degrade
grid performance.

V. SIMULATION RESULTS

In order to verify the validity of the torque control method,
the proposed system from Fig. 2 has been implemented in the
Matlab/Simulink programming environment. The simulation
parameters are listed in Table 1.

TABLE 1. Drive and system parameters.

PARAMETERS Value PARAMETERS Value
Rate power 1.0 kW Flux linkage 0.104 Wb
Maximum speed 3900 r/min  Switching frequency 10 kHz
Rate speed 2000 r/min  Film capacitor 8 uF
Pole pairs 4 Grid voltage 220V
d-axis inductance 4.94 mH Grid frequency 50 Hz
g-axis inductance 10.74mH  Line resistance 0.5Q
Stator resistance 0.845 Q Line inductance 0.2 mH

In the system, the dc-link capacitor Cgy is only 8 uF,
the speed and current controller adopt PI regulator, and the
bandwidth would be set lower than electronic capacitor drives
to ensure the stability of the system. The dc-link voltage drops
near zero periodically, as shown in Fig. 7, so the average
value of the dc-link voltage is lower than conventional one
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with large electrolytic capacitors. Flux weakening method
like [16], [30], [31] should be applied to control the d-axis
current. However, the most well-known d-axis current con-
trol method is not suitable for reduced dc-link capacitance
IPMSM drive system. In this paper, average voltage con-
straint in [16] is applied for such system to obtain a high
power factor. Since the maximum speed of motor is about
3900 r/min, all of these simulations and experiments were
at 3.2Nm, 2000r/min. The detailed analysis of the results is
illustrated as follows.

10 *
VAN ARNVAZTANVAWA
NN A VAR VAR Y AR VAR,
5 F ) inv _
10 3
(®) 0 /i,’
w o A A A A A
-10 . N
S VANVANVANVAT TaNva)
f0 Y AN Y YA
0 ; ;
10 -
@ 7T !
[A] 0
-10- . . ,
0 10 20 30 40 50 60

Time(ms)

FIGURE 8. Simulation results of small capacitor drive system without any
proposed control scheme. (a) The motor torque and reference; (b) the
dq-axis current and references; (c) dc-link voltage; (d) grid input current.

Fig. 8 shows the simulation results of small capacitor drive
system without any proposed control method. In Fig. 8(a) and
Fig. 8(b), the motor torque and dq-axis current can’t track
its references. Meanwhile, the input current distorts severely.
As a result, the harmonics of grid current far exceed the
standards of EN-61000-3-2.

Fig. 9 shows the simulation results of the proposed motor
torque control method with M = 1. Obviously, the motor
torque and dqg-axis current can track its references better.
At the same time, the grid input current approximates the
sinusoidal signal, and the power factor and THD of the grid
side are 0.994 and 10.59%. Nevertheless, in the input current
waveform, there are many high order frequency oscillations
especially when crossing zero.

Fig. 10 shows the simulation results of torque control
method with M = 5, the I-MR controller is applied. Com-
pared to Fig. 9, the amplitude of high frequency oscilla-
tions decreased, and the input current waveform becomes
more smoothly. Therefore, the high order harmonics is also
reduced.

Fig. 11 shows the simulation results of torque control loop
with voltage compensation strategy. It can be seen that the
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FIGURE 9. Results of torque control method with M = 1. (a) The motor
torque and reference; (b) the dq-axis current and references; (c) dc-link
voltage; (d) grid input current.
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FIGURE 10. Results of torque control method with M = 5. (a) The motor
torque and reference; (b) the dq-axis current and references; (c) dc-link
voltage; (d) grid input current.

motor torque response and the input current response are
improved. The input current harmonics are uniformly dis-
tributed and effectively suppressed.

Fig. 12 shows FFT analysis results of the proposed torque
control with voltage compensation method in simulation.
However, under this ideal conditions, the motor load, current,
torque and power are very smooth. Moreover, the sampling
delay and the digital control delay are not considered. So the
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FIGURE 11. Results of torque control method with voltage compensation.
(a) The motor torque and reference; (b) the dq-axis current and
references; (c) dc-link voltage; (d) grid input current; (e) voltage
compensation gain AFF.

0.4 1A AAA——
< [ EN61000-3-2
S 03 \HHHHEHHE- I Torque control with M=1
E !
a Il Torque control with voltage compensation
g
< 0.2 -l A
o
-2
g
ERNORRIE 81 (X 51 &1 (S YRI(EIISE
<
T

0.0 [L/WLINL] il

3 10

15 20 25 30 35 40

Grid current harmonics order

FIGURE 12. FFT analysis result of grid input current in simulation.

voltage feed-forward control is not very obvious. But the grid
input current still meets the standards of EN-61000-3-2.

VI. EXPERIMENTAL RESULTS

To further verify the performance of the proposed control
methods, the motor torque control platform of IPMSM based
on I-MR controller was constructed. Experimental hard-
ware is shown in Fig. 13. In Fig. 13(a) and Fig. 13(b),
the load motor is used as generator and consumes power at
a load resistor. The inverter is realized by Mitsubishi module
PS21767. The grid input voltage and frequency are 220Vrms
and 50 Hz. The proposed control methods were implemented
with a Texas Instruments TMS320F28075 floating-point dig-
ital signal processor. The parameters of the experiment are the
same as the simulation, as indicated in Table 1.
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(c) experimental data sampling circuit.
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Fig. 13(c) shows grid input voltage and current sample
circuits, all of experimental data is read in this way. Therefore,
the hall sensor and Low pass filter (RC) would filter out a
lot of higher order harmonics such as the switching noise of
IGBT, but the distribution of the harmonics complies with
simulation result.

In this paper, the average voltage constraint in [16] is
applied for such system to obtain a high power factor. The
average DC-link voltage can be calculated as fallow [4]:

17 2
Uy = — / Uy sin(0g)d0g = —U, = 197V (15)
7 Jo T
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Since the maximum speed of motor is about 3900r/min, the
maximum average speed is about 3900*2 /7 = 2500r/min.

Similarly, according to Eq. (7), the ideal output torque of
the motor can be obtained by:

Tiny ~ 3.2 + 3.25in(20, + ) (16)

Thus, the average torque is 3.2Nm, and the peak value is
about 6.4Nm.

10 -
P VA VAV A L7\ A
e 0 V/ '\V/ V/ '\Vgrm V/ v\V/
s L ' N '
I
(b) 1;)\; \,; \; \; i;/ln \;

0 10 20 30 40 50 60
Time(ms)

FIGURE 14. Results of small capacitor drive system without any proposed
control scheme. (a) The motor torque and reference; (b) the dq-axis
current and references; (c) dc-link voltage; (d) grid input current.

Fig. 14 shows the experiment results of small capacitor
drive system without any proposed control method. From
both the simulation and experimental results, it shows that
the motor torque is not under control, and the performance of
the grid input side can’t meet the standards of EN-61000-3-2.

Fig. 15 and Fig. 16 show the experiment results of torque
control method with M = 1 and M = 5, respectively. With
the I-MR controller is applied, the motor torque and cur-
rent is under control. Meanwhile, the gain of the controller
is designed to achieve a favorable inverter output torque
response, and input current response as same as the simula-
tion results. As listed in Table 2, the input power factor is
high, and the input current harmonics can satisfy the recom-
mendations of guideline EN- 61000-3-2, as shown in Fig.18.

Fig. 17 shows the experimental results of torque control
loop with voltage compensation strategy. In Fig. 17(a) and
Fig. 17(b), the compensation method improves the motor
torque and g-axis current response. The d-axis feedback
current fluctuation also decreases, which ensures the input
current to be sinusoidal. It also improves input power fac-
tor, as listed in Table 2. In experiment, the voltage com-
pensation strategy also reduces the input current harmonics,
which is less than the values recommended in EN-61000-3-2,
as shown in Fig. 18.
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FIGURE 16. Experiment results of torque control method with M = 5. - factor factor
(a) The motor torql:le and reference; '(b)_ the dq-axis current and Without any 44.53% 91.35% 45.95% 89.11%
references; (c) dc-link voltage; (d) grid input current. control method
;f;irtc}llu&gmrol 10.59% | 99.44% | 1551% | 98.82%
. . . torque control
Table 2 summarizes the input power factor and THD of grid Wif}‘l M=5 10.51% 9947% | 13.49% | 99.10%
current. It can be seen that the proposed motor torque control The proposed 10.24% 99.41% 12.85% 99 187%
. . . . . . 0 B 0 . 0 . 0
method has achieved effective results in both simulation and control method
experiment. As the control delay time is not considered,
the difference of simulation results is very small with different
control strategies. According to Fig. 18, the voltage compen- results of simulations and experiments are slightly different,
sation can reduce the low-order harmonics effectively, but all achieve the expected control requirements.
the high-order harmonics increased. So that so the improve- Finally, according to Fig. 14, Fig. 18 and Table 2, the THD

ment of power factor and THD is not obvious. Although the of the input currents is improved from 45.95% to 12.85%
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by using the motor torque control method with voltage
feed-forward compensation strategy. The power factor is also
improved from 89.11% to 99.18%, and the grid input current
harmonics are effectively reduced, that meet the standard of
EN-61000-3-2.

VIl. CONCLUSION

This paper proposed a motor torque control method based
on integration multi-resonant controller for IPMSM drive
system with small dc-link capacitor. The motor torque con-
trol loop increases the grid input power factor based on the
relationship between grid input power and motor torque.
However, the control performance does not follow the expec-
tation due to the control bandwidth limitation and torque
control error especially when dc-link voltage drops near zero.
To deal with it, the proposed voltage feed-forward com-
pensation can improve the inverter toque and motor current
response. Results show that the power factor is up to 99.18%
and the grid input current harmonics meet the regulation of
EN-61000-3-2. The effectiveness of the proposed method is
both verified by simulation and experiments. Nevertheless,
for grid input performance is limited by the bandwidth of
the current control loop, future works about expanding the
bandwidth and allocating optimum dq-axis currents at the
voltage saturation region are worth studying.
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