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ABSTRACT Small capacitor motor drive systems have received increased attention due to higher reliability
and longer lifespan. However, small capacitor motor drive systems suffer from poor dynamic performance
and larger torque ripple. In this paper, a combined control method is presents to improve the performance
of small capacitor motor drive systems. On the one hand, this combined control strategy adopts injected
harmonic current to reduce the fluctuation voltage on the DC-link, which provide better conditions for
high-performance operation of permanent magnet synchronous motor. To satisfy the harmonic standard of
IEC61000-3-2, the guideline of injected harmonic current is deduced according to motor power and the
input power factor. On the other hand, an improved repetitive control in parallel with PI control is applied
into motor control to effectively suppress motor torque ripple under the condition of the periodic pulsation
voltage on the DC-link. In addition, this control method has good dynamic motor performance. Experiments
are conducted, and the results verify the feasibility and effectiveness of the combined control strategy.

INDEX TERMS Fluctuation voltage, injected harmonic current, repetitive control, small capacitor motor
drive.

I. INTRODUCTION
Nowadays, motor drive systems have been widely applied
in industrial production and home application. For existing
motor drive systems powered by the grid, a bulky electrolytic
capacitor is used to absorb the grid pulsating power to keep
the DC-link voltage stable, which is the basis for high motor
performance [1], [2]. However, as the electrolyte evaporates,
electrolytic capacitors have problems such as reduced capac-
ity, increased equivalent resistance, and poor lifespan. In fact,
electrolytic capacitors are the least reliable components in
drive systems, and 60% of the failures of drive systems is
caused by electrolytic capacitors [3].

Compared with electrolytic capacitors, film capacitors
have higher reliability, and longer lifespan. Thus, when elec-
trolytic capacitors are replaced by film capacitors, motor
drive systems significantly reduce failure rate [4]. However,
due to cost constraints, small film capacitors in the motor
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drive system are only 5-10% of the electrolytic capacitor,
which is called small capacitance (SC) motor drive systems.
However, SC motor drive systems suffers from high torque
ripple, lower grid quality and lower efficiency due to the
reduction of the DC-link capacitor [5].

SC motor drive systems based on active power decou-
pling converters can significantly improve the grid quality
and the motor performance [6], [7]. However, these systems
have high cost due to added power switches and passive
components, which are not applied in low-cost applications,
such as air conditioner, refrigerator, and washing machine.
In contrast, SC motor drive systems based on modified con-
trol method are more popular in these low-cost applications.
However, there is serious voltage fluctuation on the DC-link
because only one small film capacitor is used to buffer
the grid pulsating power, which degrades the quality of the
gird current and increase the motor torque ripple. In addi-
tion, SC motor drive systems based on modified control
method exhibit weak damping characteristics, which result
in this type drive systems have poor resistance to external
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disturbances [8]. But, the advantages of the high density and
low cost still attract a large number of people to study.

Presently, the research topics of SC drive systems based on
modified control method mainly focuses on how to improve
grid quality or how to realize stable operation under external
disturbance conditions. In theory, higher input power fac-
tor (PF) can be achieved by adjusting the motor power even
without PFC circuits, and there are some efforts to improve
the input PF [9]. A power loop connected in series between
the motor speed loop and the current loop has been exten-
sively studied. According to the characteristics of grid power
pulsation, resonance control and fuzzy control are applied
in inverter output power control to improve the input PF
of SC motor drive systems [10]–[12]. However, SC motor
drive system have higher THD of the grid current under these
control methods.

Recently, some THD reduction methods for SC motor
drive systems have been widely investigated [13]. Similar to
control methods of input PF, the THD of SC motor drive
system can also be reduced by controlling the motor phase
current [12]. In [14], the relationship between the grid cur-
rent and motor phase current is analyzed, and the THD of
motor phase current is controlled to suppress the THD of SC
motor drive systems according to instantaneous power theory.
In [15], the fluctuation of DC-link voltage is limited to a
given range, which can also reduce the THD of the motor
phase current. In [16], the d-axis axis or q-axis reference
current is calculated according the relationship between the
grid current and the fluctuation of DC-link voltage. However,
motors need to participate in power decoupling in these appli-
cations. Thus, motors suffer from the degradation of system
performances, such as discontinuities motor phase currents,
low efficiency and larger torque ripple.

In addition, when the load is constant, motor drive systems
exhibit negative impedance characteristics [17]–[19]. For this
type of SC motor drive systems, grid input power and motor
output power are tightly coupled. These two characteristics
degrades the stability of SC motor drive systems. Thus, how
to implement stable operation is another research hotspot
for SC motor drive systems. Passive damping circuits can
increase the stability of SC motor drive systems. However,
these circuits also increase cost and physical size of drive sys-
tems. To deal with these issues, virtual damping capacitor is
introduced to increase the DC-link capacitor in [20]. In [21],
the motor inverter is used to control the damping current of
DC-link capacitor by adjusting the inverter output voltage,
which is called virtual damping resistor. In [9], [22], [23],
the torque-producing reference current is modified according
the characteristic of DC-bus voltage or grid power, which
dynamically changes the impedance of the load. In these
methods, the negative impedance of the motor drive system is
converted into positive damping characteristics, and improve
the stability of the SC motor drive system.

Although the above-mentioned control methods are effec-
tive for improving the performance of SC motor drive sys-
tems, there are still two key issues to be solved. One issue is

that there is serious voltage fluctuation on the DC-link, which
increases the difficulty of suppressing the motor torque ripple
and improving the grid current quality. Another issue is that
even under steady operating conditions, there is always torque
ripple due to the AC component in motor output power.

In this paper, a control strategy combined harmonic current
injection and repetitive control (RC) is proposed to improve
the dynamic performance and reduce the torque ripple. Dif-
ferent with existing control methods, harmonic current injec-
tion is used to reduce the different between the grid power
and motor power. Therefore, the fluctuation voltage on the
DC-link can be remarkably reduced even if motor output
power can be kept stable. In addition, a modified RC is
adopted in speed control loop to reduce the torque ripple
under steady operating state and enhance the dynamic motor
performance.

II. INFLUENCE OF DC-LINK VOLTAGE FLUCTUATION
ON MOTOR PERFORMANCE
The SC motor drive system in this paper is composed of a
diode rectifier, a PFC circuit and a motor inverter, as shown
Fig.1. The PFC circuit is used to control the grid power, and
the motor inverter is used to control the motor speed and
torque.

FIGURE 1. SC motor drive system based on boost FPC.

When the input PF is unity and the THD of the grid
current is zero, the input power of motor drive systems can
be expressed as

pin = 2UgIg sin2(ωt) =
Pin
PM
−
Pin cos(2ωt)

pr
(1)

where Ug and Ig are the RMS values of the grid voltage and
current, respectively. ω is the angular frequency of the grid
voltage, and pin,Pin, and pr are the input instantaneous power,
the input average power, and the pulsating power of motor
drive systems, respectively. The power curves of motor drive
systems are plotted according to (1), as shown in Fig.2.

(1) and Fig.2 show the instantaneous grid power is com-
posed of DC component and ripple component with twice
grid frequency, and the DC power is equal to the motor
power PM. According to (1), the input power of motor drive
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FIGURE 2. The power curves of motor drive systems.

systems can be obtained from the motor power.

pg = 2PM sin2(2ωt) (2)

(1) and (2) show that in motor drive systems powered
by the grid, energy storage units are necessary to deal with
pr to achieve stable motor power. The power converter shown
in Fig.1 has two energy storage devices: inductor L and capac-
itor C. Since the energy storage capacity of the capacitor is
much higher than that of the inductor, it can be considered that
pr is totally deal with by C. When the power of C changes,
the voltage of C is given as

Wr =

∫ 3π/4(7π/4)

π/4(5π/4)
(PM cos 2ωt)dt

= =
1
2
C(U2

cmax − U
2
cmin) = CUC1U

PM
ω

(3)

where Ucmax and Ucmin are the maximum voltage and the
minimum voltage of the capacitor C in a quarter of the grid
period. UC and 4U are the average voltage and the peak-
peak voltage of the capacitor C , respectively. (3) shows
1U increases with the decrease of the capacitor C. For
SC motor drive systems, the capacitor C is only one-fifth to
one-tenth of traditional motor drive systems, and 1U will
increase by 5-10 times. No doubt, there is serious voltage
fluctuation on the DC-link.

The instantaneous power of the DC-link capacitor can be
expressed as

pc = icuc = C
duc
dt

uc = pr (4)

Integrating both sides of (4) with respect to time, the capac-
itor voltages of C is expressed as

uC =

√
U2
C +

PM sin(2ωt)
ωC

(5)

where uc and Uc are the instantaneous DC-link voltage and
the average DC-link voltage of motor drive systems, respec-
tively, and C is the capacitance of DC-link capacitor. Using
sin(2ωt) as a variable to perform Taylor expansion, (5) can be
simplified as

uC ≈ UC +
PM

2ωCUC
sin(2ωt) (6)

(6) shows uc is composed of the DC component Uc and
the 2ω AC component. For SC motor drive systems, there is
larger voltage fluctuation on the DC-link voltage due to the

significant reduction of the capacitor C . Therefore, SC motor
drive suffers from serious distortion of the grid current and
motor torque.

For PMSM, the voltage of X phase windings is described
as

uX =
uc
√
3
=
UC +

PM
2ωCUC

sin(2ωt)
√
3

(7)

where X is any one of the three windings of PMSMs A, B
and C. ux is the voltage of X-phase winding.
Meanwhile, the voltage of X-phase winding is also

expressed as

uX = RX iX + LX
diX
dt
+ E0 (8)

where RX , iX , and LX are the winding resistance, the phase
current, and the inductance, respectively. E0 is the EMF of
X-phase, which is constant under stable operating condition.
(9) can be derived from (7) and (8)

UC +
PM

2ωCUC
sin(2ωt)

√
3

= RX iX + LX
diX
dt
+ E0 (9)

(9) shows the current of X-phase has 2nd harmonic com-
ponent, and the harmonic current increases with the increase
of the AC component of the DC-link voltage. Accord-
ing to amplitude equivalent transformation, iq also has the
2nd harmonic components, which results in torque ripple with
the same frequency, as shown in Fig.3.

FIGURE 3. DC-link voltage and torque waveforms of SC drive systems
based on traditional control.

III. HARMONIC INJECTION CONTROL STRATEGY
It is well known that pr is the main reason to degrade the
performance of SCmotor drive systems. If pr is reduced under
the same PM, smaller voltage fluctuations on the DC-link and
smaller motor torque ripple can be achieved. The existing
literatures show the 3rd injected harmonic current in phase
with the grid voltage can effectively reduce pr. (10) is the
input power of SC motor drive systems with the 3rd injection
harmonic current

p[1+3]in =
2UgIg sin2(ωt)

p1in
+

2kUgIg sin(ωt) sin(3ωt)
p3in

(10)
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where p1in and p3in are the input instantaneous power cor-
responding to the fundamental current and the 3rd harmonic
current, respectively. p[1+3]in is the total input instantaneous
power. k is the ratio of the 3rd harmonic current to the funda-
mental current and less than 1. (10) can be rewritten as

p[1+3]in=
P[1+3]in
PM

−

P[1+3]in
[
1−k
2 cos(2ωt)+ k

2 cos(4ωt)
]

pr
(11)

where P[1+3]in is the average input power and is equal to PM.
(11) shows that p[1+3]in is composed of average power, ripple
power with the 2nd harmonic and ripple power with the
4th harmonic. Substituting the pr of (11) into (5), the DC-link
voltage is rewritten as

uc =

√
U2
c +

PM
2ωC

[
(1− k) sin(2ωt)+

k
2
sin(4ωt)

]
(12)

The DC-link voltage curves with different k are plotted
according to (12), as shown in Fig.4. These curves show
the fluctuation voltages on the DC-link decrease with the
increase of the 3rd harmonic current. When k equals to 0.4,
the fluctuation voltage will drop by 30%, which effectively
suppresses the fluctuation voltage. But, the input PF and the
THD become worse with the increase of k . Thus, k should be
calculated carefully to meet the requirements of the input PF
and the THD of SC motor drive systems.

FIGURE 4. DC-link voltage with different 3rd injected harmonic current.

The input PF is given as

PF =
Ig√

I2g +
(
kI2g
) = 1
√
1+ k2

(13)

(13) shows the input PF is only related to k . For motor drive
systems, the input PF should be greater than 0.9 under stable
operating conditions. Then, the k should be less than 0.484.
However, the 3rd harmonic current with the same k varies
with different PM. When the motor power becomes
higher, the 3rd harmonic current is no longer satisfy the
IEC 61000-3-2 standard. Therefore, the k should be dynami-
cally obtained according to motor power.

Fig.5 shows the resolve process of k. At first, the input
PF is set as at least 0.95. And then, the 3rd harmonic currents
are calculated according to (14)

I3in = kIg =
2PM
Ug

√
1

PF2 − 1 (14)

FIGURE 5. Flow chart of the parameter selection.

In IEC61000-3-2, the maximum value of the 3rd harmonic
current should be less than 2.3A. If I3in is less than 2.3A,
k should increase to reduce the voltage fluctuation on the
DC-link. Meanwhile, the input PF should be greater than 0.9.
In contrast, k should decrease to make the 3rd harmonic cur-
rent satisfy the standard of IEC61000-3-2. When the motor
power changes, the voltage fluctuation on the DC-link should
be controlled within reasonable scope. k will be adjusted
according to Fig.5. Then, the grid reference current ig with
injected 3rd harmonic current is:

i∗g =
∣∣Ig sinωgt + kIg sin 3ωgt∣∣ (15)

The above analysis shows that when the reasonable
3rd harmonic current is injected into SC motor drive sys-
tems, the voltage fluctuation on the DC-link can be greatly
reduced, which improve the motor performance. Meanwhile,
this system can still meet the current harmonic and input PF
of IEC61000-3-2.

IV. COMBINED CONTROL STRATEGY BASED ON
REPETITIVE CONTROL AND PI CONTROL
(12) and Fig.4 show there is voltage fluctuation on the
DC-link even if the 3rd harmonic current is injected into
SC motor drives. Due to the limitation of the traditional
PI controller, it cannot suppress the motor torque ripple
caused by the DC-link fluctuation voltage.
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RC strategy can suppress motor torque ripple. However,
this control has poor dynamic performance. In this section,
a combined control strategy for SC motor drive systems
is proposed. Under steady operating states, an improved
RC strategy is adopted to suppress the torque ripple due to
DC-link voltage fluctuation. Under dynamic operating states,
a PI controller is introduced to increase the dynamic motor
performance.

Both the DC-link voltage fluctuation and the inherent
vibration of the motor will cause motor torque ripple. How-
ever, for SC motor drive systems, the DC-link voltage fluctu-
ation is the main factor of motor torque ripple, so this paper
only considers it. Since the motor torque and the DC-link
voltage ripple frequency are both 100Hz, the resonant fre-
quency of the repetitive controller is set to 100Hz. The bode
diagram of the RC is describe as shown Fig.6. The diagram
shows the RC has high gain at 100Hz, which can effectively
suppress the disturbance of the AC component of the DC-link
voltage to the motor torque.

FIGURE 6. Bode diagram of the repetitive controller.

Fig.7 shows the block diagram of speed control. n∗ is the
given speed, and e(z) is the error between the given speed and
the feedback speed. The discrete transfer function GRC(z) of
repetitive controller can be expressed as

GRC (z) =
z−N+RkRC
1− Q(z)z−N

(16)

where N is the ratio of the sampling frequency of repetitive
controller to the controlled object frequency. R is an advance
link, which is used to compensate the phase delay. KRC is the
gain of the repetitive controller, which determine the error of
system response time and the degree of stability. Q(z) is a low
pass filter, which is used to enhance system stability and to
improve the robustness of the closed-loop systems.

It can be seen from Fig.7 that the characteristic equation of
the transfer function of speed error is

zN − Q(z)+ zRkRC = 0 (17)

FIGURE 7. Speed controller with RC.

According to the stability conditions of the discrete system,
the modulus of all the characteristic roots should be less
than 1 (|zi| < 1). It can be expressed as

zN =
∣∣∣Q(z)− zRkRC ∣∣∣ < 1 (18)

For (18), the smaller the solution value, the greater the
system stability margin. The N is selected as 200 according to
the fluctuation frequency of DC-link voltage. Since ZN will
result in a phase lag at low frequencies, phase compensa-
tion should be adopted and R is selected as 5 according to
the phase lag of the repetitive controller. For the low-pass
filter Q(z), a constant 0.93 is selected as the filter in this paper
after comprehensively considering the steady-state error and
the stability of the system. The value of KRC needs to take
into account the stabilitymargin and convergence speed of the
system, and is selected as 0.7 according to the characteristic
of SC motor drive systems.

When the load of SC motor drive systems suddenly
changes, the output of repetitive controller will not change
immediately due to delay characteristic of the repetitive con-
troller. Thus, a combined with RC and PI control is adopt
to improve the dynamic performance of SC motor drive
systems, as shown in Fig.8.

FIGURE 8. Speed controller with combined repetitive and PI control.

Under the combined controller, the given d-axis current can
be expressed as

i∗q = (
z−N+RkRC
1− Q(z)z−N

S(z)+ GPI (z)) · (n∗ − n) (19)

Under steady operating states, SC motor drive systems
have small speed error and small torque ripple with repeti-
tive controller. Under dynamic operating states, the PI con-
troller can quickly trace the error of speed and torque.
Thus, the combined controller can effectively overcome the
problems of dynamic response delay and torque ripple, and
achieve a significant improvement in system steady-state and
dynamic performance.

V. EXPERIMENTAL RESULTS
To verify the proposed combined control method, a test
platform is been built, which is shown in Fig.9, and
the key parameters of the SC motor drive system are
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FIGURE 9. Experimental platform setup.

TABLE 1. Key parameters of the SC motor drive.

TABLE 2. Key parameters of the test motor.

listed in Table 1. The average DC-link voltage is selected
as 400V, and the peak-peak voltage of DC-link is 50V. The
FS30R06W1E3 IGBT module of Infineon Technologies is
employed to drive the motor. The control scheme is imple-
mented using TMS320F28335 DSP, which generates the con-
trol logic of PFC and motor inverter.

In the SC motor drive system, only a 100µF film capacitor
is adopted. In traditional motor drive system, a 680 µF elec-
trolytic capacitor is adopted to obtain the same ripple voltage
on theDC-link, which ismore than 6 times the SCmotor drive
system in this paper.

Fig.10 shows the overall diagram of the proposed control
strategy for SC motor drive systems. There are two control
goals: small DC-link fluctuation voltage and high motor per-
formance. For the first goal, the 3rd injected harmonic current
is calculated according to (13) and (14), and the feedback gird
current is obtained by current Hall sensor. Then, S is turned
on or off according to the error between the reference i∗g and
the feedback ig.
For motor control, SVPWM with id = 0 is adopted. The

motor speed n and the rotor position are obtained by a pho-
toelectric encoder. The output of the speed controller is the
current reference iq∗ according to the error between the given
speed n∗ and the feedback speed n. Different with traditional
motor controller, the combined controller based on PI and
RC is adopted in this paper. The feedback id and iq are
obtained by abc-dq coordinate transformation. The current
controller obtains ud and uq based on the error between
the reference iq∗ and the feedback iq, 0 and the feedback

FIGURE 10. Overall diagram of SC motor drive systems.

FIGURE 11. Experimental waveforms of SC motor drive system based on
traditional control. (a) n = 1000rpm, TL = 1 N·m. (b) n = 1000rpm,
TL = 2 N·m.

current id, respectively. And then, the control signal of the
motor inverter is generated by SVPWM control to realize the
high-performance operation of the PMSM.

Two experiments are performed to evaluate the perfor-
mance of the combined control. In the first experiment, only
3rd injected harmonic current is test, and motor drive system
is still controlled by traditional PI controller. In the second
experiment, the combined control based RC and PI is verified
under steady and dynamic operating conditions.

In the first experimental, the given speed n is 1500rpm,
and the load TL is 1N·m and 2 N·m, respectively. Fig.11 and
Fig.12 show the DC-link voltage experimental waveforms
of SC motor drive system under the traditional control and
3rd injected harmonic current control, respectively.
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FIGURE 12. Experimental waveforms of SC motor drive system based
on 3rd injected harmonic current. (a) n = 1000rpm, TL = 1 N·m.
(b) n = 1000rpm, TL = 2 N·m.

FIGURE 13. Experimental waveforms of SC motor drive system based on
3rd injected harmonic current.

The results show the fluctuation voltage on the DC-link under
the two operating conditions reduce by 41% and 55% when
3rd harmonic current is injected, which shows the injected
harmonic current can effectively suppress the fluctuation
voltage on the DC-link. Fig.13 shows the harmonic currents
of SC motor drive system with 100W and 400W when
3rd harmonic current is injected, which can satisfy the har-
monic standard of IEC61000-3-2. In addition, it can be seen
from Fig.12 that although the motor torque ripples under
the two operating conditions are reduced by 20% and 25%,
respectively, there is periodic torque ripple due to voltage
fluctuation on the DC-link.

In the second experiment, RC is applied in SC motor drive
system to furtherly suppress the torque ripple. Fig.14 shows

FIGURE 14. Experimental waveforms of SC motor drive system based
on RC.

FIGURE 15. Dynamic experimental waveforms of SC motor drives with
speed-up from 1000 to 1500rpm. (a) PI control. (b) Only RC. (c) PI + RC.

the experimental waveforms of SC motor drive system
under steady operating condition based on RC. The given
speed n is 1500rpm, and the load TL is 2 N·m. The
torque ripple is 0.1N·m based on RC under steady operating
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FIGURE 16. Dynamic experimental waveforms of SC motor drives with
load-up from 1 to 2N·m. (a) PI control. (b) Only RC. (c) PI + RC.

condition, which is significantly lower than the motor torque
ripple based on PI control.

Fig.15 shows the experimental waveforms of SC motor
drive system at variable speed working conditions with the
2N·m load. At the time nstep, a step change in the given
speed happen from 1000 to 1500rpm. Although the torque
ripple of the SC motor drive system is effectively suppressed
based on RC, the dynamic speed response performance of
the repetitive controller is significantly lower than that of the
traditional PI control drive when the given speed changes
suddenly, as shown in Fig.15 (a) and (b). It can be known form
experimental waveforms based on RC that the actual speed
reaches the reference one and maintains with a small ripple
within 0.58s, which is about 2 times that of the traditional
PI controller. When the combined RC and PI control is
applied in the SC motor drive system, it takes 0.38s to reach
the given speed again, which is close to the PI control.

Meanwhile, the torque ripple is greatly reduced. Thus,
the combined RC and PI control has better performance of
the SC motor drive system than traditional PI control and RC
for speed-up operating conditions.

Fig.16 shows the experimental waveforms of SC motor
drive system at variable load working conditions
with 1000rpm. At the time Tstep, a step-up load happens from
1 to 2 N·m. These experiments have the same PI controller
parameters. It can be seen from Fig.16 there are basically
the same DC-link voltage drop and motor speed drop in
three experiments. Although the traditional PI control has the
shortest adjust time when the step-up load happens, there
is obvious overshoot torque, which degrades the dynamic
performance of the SC motor drive system. In addition,
the torque ripple is larger than other control methods.
Fig.16(b) shows that RC has the shortest adjustment time
in three control methods due to the characteristic of RC.
Fig.16 (c) shows that when PI control is combined with RC,
the SC motor drive system has better dynamic performance
within small torque ripple.

VI. CONCLUSION
This paper has proposed a hybrid control strategy, which can
improve the dynamic performance and suppress the torque
ripple of SC motor drive systems. To suppress the DC-link
voltage fluctuation, the 3rd injected harmonic current control
method is applied in SC motor drive systems. The guideline
of injected harmonic current is deduced to satisfy the standard
of IEC61000-3-2 and high input PF. In addition, a combined
RC and PI control is proposed. In this combined controller,
RC is used to suppress the torque ripple because there is
periodic DC-link voltage ripple. And the PI control is used to
improve the dynamic performance of SC motor drive system.
Compared with the conventional control methods, the pro-
posed hybrid control strategy has better dynamic performance
and lower torque ripple, which is important for SC motor
drive systems. The prototype experiments showed that the
proposed control method is effective under steady-state and
dynamic operating conditions.
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