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Abstract—Various methods have been proposed to perform
real-time ripple current estimation, which is critical for the
performance improvement of ac motor drives. In this work, a
novel ripple current prediction (RCP) approach is firstly
proposed, which combines the advantages of both equivalent
circuit based and machine model based methods. The proposed
RCP method is accurate and effective in practical applications.
Then a frequency-modulated (FM) space-vector pulse-width
modulation (SVPWM) is proposed to actively control the
ripple current by adjust the switching frequency on a cycle-by-
cycle basis. The proposed FM-SVPWM has the capability to
maintain the same amount of ripple current using reduced
switching frequency or reduce the current ripple without
increasing the switching frequency. Extensive simulation
studies have been performed to validate the feasibility and
effectiveness of the proposed methods.

Keywords—current ripple, permanent-magnet motor drives,
pulse-width modulation, variable switching frequency

I. INTRODUCTION

Three-phase voltage source inverters (VSI) are widely
adopted for the ac motor drive applications, especially in the
electric drives for permanent-magnet (PM) motors [1]-[3].
Various modulation techniques [4]-[8], e.g., sinusoidal pulse-
width modulation (PWM), space-vector PWM (SVPWM)
discontinuous PWM (DPWM) and etc., can be utilized to
translate voltage reference to gates signals, which are further
applied to gate drivers to turn the power electronic switches
on and off. Due to the switching actions, the motor winding
inductances are frequently charged and discharged, which
leads to stator current ripples [5]. Analyzing the ripple
current introduced by switching actions, which was studied
mainly in an offline fashion [9], [10], has led to various
enhanced sensing [11], control and modulation approaches
[12],[13].

Recently, several real-time ripple current estimation or
prediction techniques, using either equivalent circuit (EC)
based approach [10], [12] or machine model in rotor (dgq)
reference frame [13], have been developed. With real-time
ripple current information, it is possible to design more
accurate dead-time compensation and also variable switching
frequency PWM techniques [12], [13], which may further
lead to reduced switching losses, mitigate electromagnetic
interference (EMI) and etc. In the EC based ripple current
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prediction (RCP) approach, Thevenin equivalent circuits are
normally used to model the VSI circuits when certain voltage
vectors are applied. The load parameters are indispensable
for the EC-RCP approach. Therefore, the EC-RCP approach
has good performance for non-salient pole motor drives, e.g.,
the surface-mounted PM motors, grid-tied inverters, and etc.,
where load parameters can be accurately measured and are
relatively stable during normal operation. For other practical
applications, for instance, the ac drives for salient-pole
motors, e.g., the interior PM (IPM) motors, the machine
model (MM) based RCP has better performance over the
EC-RCP. Since MM-RCP is performed in the dg reference
frame, which loses the direct link to the switching sequence
in each phase. Therefore, the MM-RCP is usually more
complicated to implement than the EC-RCP.

In this work, to address the issues with the existing two
RCP methods, a novel ripple current prediction scheme is
proposed, which combines the advantages of both EC based
and MM based RCP methods. The proposed approach is
accurate and effective for practical applications. Then a
frequency-modulated (FM) SVPWM method is proposed to
actively control the ripple current by optimize switching
frequency on a cycle-by-cycle basis. The proposed FM-
SVPWM has the capability to achieve the same amount of
ripple current while using reduced equivalent switching
frequency, i.e., the equivalent switching frequency reduction
mode, or reduced ripple current amplitude without increasing
equivalent switching frequency, i.e., ripple reduction mode.
The effectiveness of proposed methods are validated using
comprehensive simulation studies.

II. THE PROPOSED RCP FOR AC DRIVES

As the schematic of a generic two level inverter feeding
an IPM motor shown in Fig. 1, node # is the midpoint of the
inverter dc link, node N is the neutral point of a three-phase
Y-connected IPM motor, while a, b, and ¢ are the inverter
output terminals. The switching state of the inverter phase x,
i.e., Sx (x =a, b, or ¢), can be either 0 or 1, denoted as S, = [0,
1]. When S = 1, the top switch in phase x is on; when S\ = 0,
the bottom switch is on. Then the instantaneous voltage of
the inverter output terminal x with respect to node 7 can be
expressed as

vxn:(Z-Sx—l)-% (1)

while the average of v., over one switching period (7s) can
be expressed as
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Fig. 1. The schematic of a two-level inverter circuit commonly used in
motor drive applications.
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where d; is the duty ratio of the top switch in phase x. The
difference between the vy, and V5, is the ripple voltage, i.c.,

Avx =Vin _V;cN = (Sx _dx)Vdc (3)

Applying the Park transformation, Tusc>d4q0, to the three-
phase ripple voltage, the resulting ripple voltage in the dg
reference frame, i.e., Avy and Av,, can be expressed as

Av, = %{(Avb -Av, )cos(@—%}t(A\Q —Av, )cos(é’—%ﬂ

2

Av, = 5{(Ava - Avb)sin(Q—zTﬂij(Av” —Avu)sin(ﬁ—%rﬂ
(4-1 and 4-2)

where 6 is the rotor position. Over a short period of time A7,
which is less than a switching cycle, since Avg and Av, can
be viewed as constant, the increment of the ripple currents,
i.e., Aig and Aig, can be calculated as:

1 par Av, AT
Aip=— | Av, e~ 2220 (5-1)
Ly 0 d
| a7 Av,-AT
Ny =— [ av e s = (5-2)
L,Jo L,

where Ls and L, are the d- and g-axis inductances,
respectively. Then applying the inverse Park transformation,
Tug0>ave, to the Aig and Ai, obtained by (5), the increment of
ripple current in each phase, i.e., Ai;, can be determined.
Take phase a as an example, Ai, can be expressed as a
function of AT as

Ai, (AT) = Aiycos@—Ai, sin 6
L;+L
_2 % (ay Lan, - Lav a6
3L, 2772
L,-L

2L,L,

+

AV -AT

(Av, —Av, )cos(2¢9 - 2%)

where AV == , which

+(Av, - Av, )cos(2«9—%zj

shares the same expression as Avy, i.e., expression (4-1), but
as a function of 26. For non-salient motors and grid-tied
applications, Ly and L, are identical, such that the second
term in (6) equals to zero and the expression of Ai, is exactly
the same as those derived in [12] using EC based approach.
However, since L, is not identical to L, in the salient-pole
motors, the second term in (6) cannot be ignored, otherwise
obvious ripple prediction errors can be observed.

Equation (6) is derived in the dq reference frame. Though
it improves the accuracy, it lacks the physical meanings
compared to analysis performed by directly using three-
phase motor line-to-natural voltages and equivalent circuits.
When using SVPWM, as shown in Fig. 2, seven switching
configurations are applied to the inverter in a predetermined
sequence over one 7. To capture all possible peaks of ripple
current, (6) needs to be calculated seven times during one T,
which may be computational intensive for the digital signal
processors (DSP).

As shown in Fig. 2, by comparing the vy, (red solid line)
with fundamental voltage (blue dashed line), which is
assumed to be constant over one Ty, the polarity (+ or —) of
the ripple current slope can be determined. If v, is higher
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Fig. 2. Three scenarios of ripple current when using SVPWM.



than the fundamental voltage, ripple current slope is positive
(+) and ripple current increases. While if vy, is lower than the
fundamental voltage, ripple current slope is negative (—) and
ripple current decreases. In addition, over one Ty, the average
value of ripple current is zero. Due to the symmetry of the
gate signals generated by SVPWM, v,, is also symmetric,
which further leads to a symmetric ripple current with
respect to £ = T /2. According to Fig. 2, the predicted peak of
the ripple current at the k" switching cycle, which is denoted
as Alymalk], is the maximum of the 7 and /I, which can be
determined as

= [ai, (AT )”AT:TOM %)
I = |Aia (AT)”AT=T|/2 B
and
e [ s (117 ®

Therefore, to predict Al ma, (6) only needs to be computed
twice per switching cycle for all the scenarios when using
SVPWM. The flow chart of Al . prediction is showing in
Fig. 3. The Table I summarizes the AT information required

by (7).
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Fig. 3. A flow chart of the proposed Al . prediction.

TABLE L SWITCHING TIME CALCULATION IN EACH SECTOR.
Namber AT il ATTR G,
1 (1-dy)T,/2 [000] (da—dy) T2 [100]
2 (A =dy) T2 [000] (dp—d,) T2 [010]
3 (1 =dp) T2 [000] (dy—d.)T,2 [010]
4 (1-d) T2 [000] (d.— dp) T2 [001]
5 (1-d) T2 [000] (d.—d,) T,/2 [001]
6 (1-d)TJ2 [000] (d,—d.)T,/2 [100]

Simulation results of Al mqx prediction for an IPM motor
are shown in Fig. 4, in which the red circles represent the
predicted Al mac in every switching cycle, while the blue
waveform is the phase a ripple current, Ai,. For an IPM
motor, when compared to the EC based RCP, the accuracy of

can be improved by using the proposed RCP approach.
Experimental study is also performed on a 200 W IPM motor
drive and the result is shown in Fig. 5, where IPM motor
runs at 100 Hz fundamental frequency. The stator current is
sensed once per switching cycle at the peak of the carrier
signal using DSP. Both current sensed by DSP and current
sensed by a high-bandwidth current transducer, which
contains the current ripple, are displayed in an oscilloscope.
The current ripple is extracted by using the math function in
the oscilloscope. As shown in Fig. 5, the predicted Alymax
well tracked the peak of the actual ripple current.
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Fig. 4. The performance of ripple current prediction using (a) the equivalent
circuits approach and (b) the proposed approach.
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Fig. 5. The performance of the proposed RCP captured by an oscilloscope.

III. FREQUENCY-MODULATED SVPWM

As shown in Fig. 6, when switching period 75 is fixed,
the peak ripple current is not evenly distributed in the time
domain. Over a fundamental electric cycle of an ac motor,

e., T obvious difference exists between the peaks and



valleys of the Al,mq. According to (6), at k™ switching cycle,
once d, is calculated, Al,mqar is determined only by AT (=
To/4) and AT> (= T1/2), which all depend on Ty, e.g., Table I.
Considering a balanced 3-phase IPM motor, the maximum
among Al max, Alpmax and Al max 1s defined as Aly, i.e.,

AIM [k] =max (A[a,max [k], Alb,max [k]9 AIC,lnax [k]) (9)

It is possible to reshape the profile of Aly by properly
adjusting T on a cycle-by-cycle basis.
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Fig. 6. Two operating modes of the proposed FM-SVPWM (a) equivalent
switching frequency reduction mode and (b) ripple current reduction mode.

A. The Proposed FM-SVPWM

In this work, f, is defined as the nominal switching
frequency, which is the switching frequency that can be used
by the constant switching frequency SVPWM to meet the
predetermined allowable peak ripple current, i.e., Al"y. T, =
1/f, is defined as the nominal switching cycle.

During the k" switching cycle, the sector number of the
voltage vector and d, to be applied for the (k+1)" switching
cycle are determined by SVPWM algorithm. Still in the £
switching cycle, using the 7, information, the Aly[k+1] can
be predicted using the algorithm illustrated in Fig. 3. This
predicted Aly[k+1] stands for the peak ripple current in the
(k+1)* switching cycle, if the switching period for the next
switching cycle is 7.

To actively control the Aly, in this work the actual
switching cycle used for modulation, i.e., Ts = /fw, is
optimized throughout a fundamental electric cycle by using

n-AIL, —Al,
T =14yl 2w "2 |7
b [ r— J ©)

M

where y is a parameter to determine the slope of the f;,, with
respect to the ratio of Aly/Al"y; i is a parameter to determine
the operating mode of the FM-SVPWM.

As shown in Fig. 6(a), when # is greater than 1, which
means ripple threshold is even larger than the predetermined
AI'y at nominal switching frequency, then obviously the
period of each switching cycle can be increased, while
maintaining the ripple current within the threshold. Since T,
are increased, the equivalent switching frequency (f,), which
is defined as the total number of the switching cycles divided
by Ty, is reduced, so as the switching losses.

As shown in Fig. 6(b) if # is smaller than 1, which
means ripple threshold is less than Al"y, Ty, is optlmlzed to
reduce the peak of ripple current. In this operating mode,
over one T} the f;, is reduced during some switching cycles,
while increased in others. Therefore, the average switching
frequency over one Trdepends on the value of #. If # is close
to 1, both switching loss reduction and ripple reduction can
be achieved simultaneously. If # is much smaller than 1, the
aggressive ripple reduction can be achieved at the cost of
increased switching losses.
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Fig. 7. An overall block diagram of the discrete-time simulation model.

B. The Model used in Simulation Studies

To validate the feasibility and effectiveness of the
proposed FM-SVPWM, a comprehensive simulation study
is performed in Matlab Simulink. The overall block diagram
of the designed discrete-time multi-rate simulation model is
illustrated in Fig. 7.

In the model of the field oriented controller (FOC), the
discrete-time proportional-integral (PI) controller with feed-
forward compensation is adopted in the current regulator,
which generates the voltage references v;,* and v,". The
standard SVPWM is utilized in this model. However, the T,
can be updated in each switching cycle. During the k™
switching cycle, using the three-phase duty ratio and sector
number obtained from the SVPWM for the (k+1)" switching
cycle, Aly [k+1] can be determined by the peak ripple
current predictor, which is designed based on Fig. 3. The
predicted Al [k+1], is a critical input of the online f;,
optimization block, which is executed once per switching
cycle to determine the optimal f;,, for the (k+1)” switching
cycle. The optimal f;,, is not only used by the carrier wave
generator, which generates the triangular carrier waveform
for each switching cycle, but also the discrete-time
integration in the PI current regulator and SVPWM block.
Both the current regulator and SVPWM are all implemented
as triggered subsystems. Based on the carrier waveform, one
trigger signal is generated per switching cycle, such that
current regulator and SVPWM are also executed once per
switching cycle.

Both inverter model and IPM motor model run at 5 MHz
sampling frequency. The current sensing scheme, which is
synchronized to the peak of the carrier waveform, is also
implemented in the simulation. The major specifications of
the TPM motor used in this simulation study are listed in
Table II. The nominal switching frequency is 10 kHz.



TABLE IL SPECIFICATIONS OF THE IPM MOTOR USED IN THE
SIMULATION STUDIES
Specifications IPM Motor
Nominal Speed 3,000 rpm
Rated Power 200 W
EMF Constant 0.0138 V-s/rad
Stator Resistance 0.235Q
Lq 0.275 mH
L, 0.364 mH
# of Pole Pairs 4
I 10 kHz
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Fig. 8. Simulation results at 1,000 rpm using constant 10 kHz switching
frequency: (a) three phase stator currents and (b) phase a ripple current.

C. Simulation Results for Mode 1 — foq Reduction

Several cases are studied using the designed simulation
model to validate the effectiveness of the FM-SVPWM in fo,
reduction mode. In the first case, the IPM motor runs at
1,000 rpm with the nominal switching frequency at 10 kHz
and ripple threshold at 0.5 A. When using constant 10 kHz

switching frequency, the maximum ripple current is around
0.4 A. The motor is controlled using constant switching
frequency at the very beginning, while the FM-SVPWM is
enabled at # = 0.05s. When constant switching frequency is
used, the results, including three phase current and phase a
ripple current, are shown in Fig. 8. Once FM-SVPWM is
enabled and operated in the f;; reduction mode, i.e., > 1, as
shown in Fig. 9, the instantaneous switching frequency
immediately start to deviate from 10 kHz and update on a
cycle-by-cycle basis. By selecting different #, the f., can be
reduced without increasing the maximum of the ripple
current, e.g., Fig. 9(a) and (b). The zoomed in figures for the
instantaneous switching frequency and stator currents are
shown in Fig. 10, when f;, = 9.05 kHz. When further
increasing # to reduce fo; to 8.53 kHz, which is 15%
switching frequency reduction, the maximum ripple current
is increased compared to that using the nominal switching
frequency. However, the peak ripple current is still within
0.5 A, as shown in Fig. 9(c).
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In the second case, the IPM motor runs at it’s nominal
speed 3,000 rpm with the nominal switching frequency at 10
kHz and ripple threshold at 1.0 A. The FM-SVPWM is also
enabled at ¢ = 0.05s. As shown in Fig. 11, by using the
proposed scheme, up to 20% f,, reduction can be achieved
without violating the 1.0 A threshold for the peak current
ripple. The comparison of the stator currents between
constant 10 kHz switching frequency modulation and FM-
SVPWM with f,, = 9.15 kHz is shown in Fig. 12.
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Fig. 12. Simulation results at 3,000 rpm (a) three phase stator currents when
using constant 10 kHz switching frequency and (b) three phase stator
currents when using FM-SVPWM with f;, = 9.15 kHz.

D. Simulation Results for Mode 2 — Alv Reduction

To validate the effectiveness of the FM-SVPWM in Aly
reduction mode, various #, which are all great than 1, have
been evaluated in the simulation model. When the IPM
motor runs at 1,000 rpm with 10 kHz nominal switching
frequency, the maximum the ripple current is 0.38 A. In the
Aly reduction mode, Al"y is set to be 0.35 A. As shown in
Fig. 13, when the proposed scheme is enabled at # = 0.05s,
the instantaneous switching frequency starts to oscillate
around 10 kHz and the Al starts to drop. Especially, as

shown in Fig. 14(a), the zoomed in ripple current waveform
clearly shows that its maximum value decreased under 0.35
A, after the FM-SVPWM works in the Al reduction mode.
In the meantime, the f;, is still less than 10 kHz.

Switching
Frequency (kHz)
5]

©
o

0.05 0.1

Switching
Frequency (kHz)
5

©
o

0.05 0.1

05 05
23 g5
&5o0 &6 o
[ x5
[&] o
-0.5 -0.5
0 0.05 0.1 0 0.05 0.1
0.5 0.5
< <
Lol g
25 o 8§ o
£S5 x5
(&1 [8)
-0.5 -0.
0.06 0.065 0.07 0.075 0.06 0.065 0.07 0.075
Time (s) Time (s)
(a) (b)

Fig. 13. Simulation results at 1,000 rpm using proposed FM-SVPWM in Al
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rpm (a) instantaneous switching frequency, (b) ripple current and (c¢) zoomed
in ripple current.
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Fig. 16. Simulation results at 3,000 rpm (a) carrier waveform and (b)
switching period when using FM-SVPWM, (c) carrier waveform and (d)
switching period when using constant frequency SVPWM.

The performance of the proposed FM-SVPWM in Aly
reduction mode when the IPM motor runs at 3,000 rpm is
shown in Fig. 15. Using constant 10 kHz switching
frequency, the maximum current ripple is around 1.0 A.
After the Al reduction mode enabled at 0.05s, as shown in
Fig. 15(c), maximum current ripple drops 0.9 A, which
means over 10% ripple reduction can be achieved in this
case. The comparison of carrier waveform and switching
period between the FM-SVPWM and constant frequency
SVPWM are shown in Fig. 16.

IV. CONCLUSIONS

In this paper, an accurate and effective ripple current
prediction approach is proposed for ac motor drives. Based
on the real-time predicted peak ripple current, a novel FM-
SVPWM is proposed to actively control the ripple current.
The proposed FM-SVPWM has two operating modes, i.e.,
equivalent switching frequency reduction and maximum
ripple current reduction. The operating mode can be easily
selected by choosing proper parameter #. Comprehensive
simulation studies have been performed to validate the
feasibility and effectiveness of the proposed RCP approach
and FM-SVPWM.
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