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University, Beljing, China The beat phenomenon can be a critical issue in railway traction applications. This paper
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shift the spectrum of the beat voltages to a higher-frequency region. Two variables for
> Department of Enctgy Technology, Aalborg frequency compensation are derived by mathematical calculations based on the single-
frequency compensation (SFC) method. The applicability and superiority of the DFC
method are analyzed. It is proposed that the DFC method can be a transition between
the modulation index compensation (MIC) method and the SFC method, so the beat phe-

nomenon can be greatly suppressed in the full speed range. The implementation of the
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DFC method is proposed to guide how to generate the two variables. The experimen-
tal verification is carried out on the StarSim hardware-in-loop platform, and the results
demonstrate that the DFC method is more effective compared with the SFC method for
beat phenomenon suppression. It also shows the modulation index with the DFC method
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1 | INTRODUCTION

The AC-DC-AC traction drive system has been widely used in
the electric-multiple-unit (EMU) for high reliability, high power
density, and low maintenance cost. As shown in Figure 1, a
typical traction drive system consists of the front-end traction
transformer, the single-phase four-quadrant converter (4QC),
the DC-link capacitor, the three-phase voltage source inverter,
and the motors [1]. As the traction drive system is fed by the
single-phase power source, the instantaneous power will fluctu-
ate at twice the grid frequency inevitably, resulting in the DC-
link voltage fluctuating at the same low frequency [2]. Coupled
with such fluctuating DC-link voltage in pulse width modulation
(PWM) process, the phase voltage of the inverter will contain
additional subharmonic components (i.e. beat voltage). Thus,
the motors will suffer from the beat phenomenon, featuring
undesired current harmonics, torque pulsation, and power loss
[3]. Consequently, it seriously detetiorates the safety and stability
of the traction drive system.

is higher than that with the MIC method.

To suppress the beat phenomenon, the passive L.C resonant
filter tuning at twice the grid frequency is installed in the DC-
link for EMUs. Thereby, the fluctuating power is absorbed, and
the DC-link voltage can be smooth without the low-frequency
component [4]. However, the hardware solution using the L.C'
resonant filter is of low power density and low reliability [5,0].
Therefore, more efforts have been made on the software solu-
tions to remove the bulky Z.C resonant filter.

The basic idea of the software solutions is to design a special
beat-less algorithm for the inverter-motor control system;
hence, the phase voltage of the inverter is modified to cancel
out the beat component. In [7, 8], the one-cycle control is
proposed to solve the beat issue based on the volt-second area
balance principle. Unfortunately, its performance is challenging
with low switching frequency because the pulse sequence
cannot be optimized [9, 10]. In [11, 12], the closed-loop control
strategies are designed to achieve the current reference tracking
without error; thus, the modulation signals for PWM process
can be modified automatically, and the beat phenomenon
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FIGURE 1 The AC-DC-AC traction drive system

can be suppressed. However, the suppression effect of these
control strategies depends on the control bandwidth of the
system. As for the traction drive system, where the switching
frequency is low, the control bandwidth is strongly limited
[13, 14]. Therefore, the current closed-loop control cannot be
applied in such applications.

To get rid of the limitation of high control bandwidth, the
modulation index compensation (MIC) [15, 16] and single-
frequency compensation (SFC) [17—19] methods are proposed
to modify the modulation signals directly. With the MIC
method, the modulation index is varied against the actual DC-
link voltage inversely [20, 21]. Hence, after PWM process, the
phase voltage of the inverter is equivalent to the desired voltage
in each switching cycle. Therefore, the subharmonics coupled
by the DC-link voltage ripple will be eliminated totally if the
compensation method is accurate enough [15]. However, the
linear modulation region can be narrower as the maximum value
of the modulation index is strongly limited in the high-speed
range, especially with a large DC-link voltage ripple. Unlike the
MIC method, the SFC method is more attractive because it
has no such modulation index limitation in the full speed range
[22]. As one variable related to the DC-link voltage is used
for frequency compensation, the low-frequency beat voltage
is suppressed [23-25]. However, the key drawback of the SFC
method is that the amplitude of the high-frequency beat voltage
will be doubled. Therefore, the beat phenomenon suppression
effect can be worse compared with the MIC method. In prac-
tice, it is common to use the MIC method and the SFC method
in different speed ranges for better traction performance.
Nevertheless, the performance can still be further improved.

In this paper, a dual-frequency compensation (DFC) method
is proposed to modify the modulation signals for beat phe-
nomenon suppression in railway applications. Unlike the SFC
method, two variables are used for frequency compensation,
therefore both the low and high-frequency beat voltage can
be eliminated. In regard to the modulation index, the DFC
method can be superior to the MIC method. Therefore, the
DFC method can be a transition between the MIC and SFC
methods in the middle-speed range. Consequently, the beat phe-
nomenon can be further suppressed in the full speed range.
These two variables used for the DFC method are derived by
mathematical calculations in detail. The calculation results indi-
cate that the spectrum of the beat voltage can be shifted to a

higher-frequency region. Furthermore, the trajectories of the
modified modulation signal show that these three methods can
be applied under different modulation indexes, and the DFC
method can be more effective with a large fluctuation in the
DC-link. The experimental results verified the supetiority and
applicability of the DFC method.

The rest of this paper is organized as follows: In Section 2,
the DC-link voltage and the beat phenomenon are analyzed
in detail. In Section 3, the DFC method is proposed, and its
applicability, superiority, and implementation are presented. In
Section 4, the experimental results are given. Finally, Section 5
draws the conclusion.

2 | BEAT PHENOMENON ANALYSIS
2.1 | DC-link voltage without LC resonant
filter

The input voltage #, and current 7, of 4QC have a sinusoidal
shape, so the input power p;, to the traction drive system can be

expressed as

Din = gty ]’A’d,ﬂ

= VL[l — cos (Zwé,z‘)] @ Lglg sin (ngt)

©)

where 17, and /, are the root mean square value (RMS) of the
input voltage and current, @, is the angular frequency (1007r) of
the grid, and Z, is the grid- slde inductance.

i, consists 6f the DC power P, and the undesired fluctuating

AC powet p;._ s, detived as follows:
=V, ©
pZ—ﬂ'])])/e = ])2—/764/% sin (ngf + 5) (3)

where

Popeake = \/(Vz[z)z +H@dff)" 8 = an” <w?1 )
888

Assuming that all the DC power P, is supplied to the load,
it can be known that the fluctuating AC powert p;_;,, will flow
into the DC-link capacitor C, (ignoring the power loss), that is:

dﬂd[

—irppe = C, 4
y22) ripple — “de™ dl‘ ()

Thus, the DC-link voltage #,, can be derived as

])Z—pea,é
m=\/ oo, [K —cosws +68)] K>1 (5)

where Kis the initial integral value. Figure 2a shows the wave-
forms of the DC-link voltage #, under different K With the
increase of K, the DC component of #,, also increases, and the
waveform of #y is more similar to the sinusoidal waveform.
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FIGURE 2  (a) The waveforms of the DC-link voltage #,, under different K (b) The harmonic spectrum of the DC-link voltage #,,

According to the harmonic spectrum of the DC-link voltage
uy, in Figure 2b, the frequency of harmonics among #,, is in the
form of 2Nw,, where Vis an integer, and the content of these
harmonics decreases as the frequency increases. When the value
of Kincreases, the content of each harmonic decreases. And #,,
almost only contains the DC components and AC components
at 2w, (100 Hz) under K> 5.

2.2 |
torque

Phase voltage and electromagnetic

As the value of the DC component of #y, is usually very high
in EMUs (i.e. 1650 V, 3600 V), the DC-link voltage #,, can be
approximated as

#g = Up+AUy, sin(2w,t + 6) (6)
where Uy, and AU, are the amplitudes of the DC component
and AC component of the DC-link voltage #,, 0 is the phase

angle for the AC component. The modulation index M and
three-phase modulation signal 7; are defined as

l]re '/
Utz’[

M= )

sinl2e/+0—80ugran]

where U, is the amplitude of the phase voltage of the inverter
(M = 1.27 under the square wave modulation mode), w, is the
fundamental angular frequency of the motor (w, = 27f,), 8, =6,
—2m/3,68,=06,4+2m/3,and i = a, b, ¢, represent for three phases.
Thus, the phase voltage of the inverter #, is derived as follows
(ignoring the PWM-related harmonics):

”ip = Ugm; = Uﬂ’[M COS(CUel‘ + 61)
+0.5AU,M sin[2w, + @,)t + 6 + 6]
+0.5AU,M sin[2w, — ,)t + 6 — 6]

&)

The phase voltage #;, composes of two components: the fun-
damental voltage at the frequency of @, and the beat voltage at
the beat frequency of 2w, + w,. Therefore, the current of the
motor can be derived as

UM cos(@,46,—0 )

) 2w
4 AUM sin](20,—0,)1+0—6,—6 sy o]

?

10
22 pwg-we) 10
N AULM sin[(20,+@,)+6+6;—6 eppr)]

27 gt we)

where 7,y and 6,y (x = w,, 20,—®,, 20,+®,) are the ampli-
tude and angle of the motor impedance at frequency x respec-
tively. Based on (9) and (10), the power of the motor p,, can be
expressed as (11):

cos 9(2wg+we) €Os e(kqg—cue)

Z2ag+we) 2 (2ag—ce)

2172 2372
_ Z i SUd[M Ccos (e(cue)) 3AUdc UdfMZ Zogras) + SAU(/‘M cos(4wgf+29) cos 9(260g+we) (1 1)
pw Ll ipti ZZ(a)e) 4 sln[Zngl+9—9<2Qg_w,)] 8 Z{ng+cuc)
i=a,bye Z o) + c0s (4,426 cos 6 245 we)

m; = M cos(w,? + 6,) ©)

Z(2wg-w0)

Ignoring the small terms with the coefficient 3A U2 deMP? /8
in (11) and the power loss of the motor, the electromagnetic
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torque can be approximated as

I le
R~
3cosBwe)
2Z )
N U[f_zl{z sin20,/+0—0 2ugtwe)] (12
w 3AUy Zowgtwe)

4 | o ol +0—80u-an]

Z2ug-we)

where @ is the electrical angular velocity of the motor. The elec-
tromagnetic torque contains a constant component that drives
the motor and a pulsating component at 2w, (100 Hz). The pul-
sating component is caused by the beat voltage and its amplitude
is proportional to the amplitude of the fluctuating DC-link volt-
age and inversely proportional to the amplitude of the motor
impedance at the beat frequency.

3 | BEAT-LESS ALGORITHM BASED ON
DUAL-FREQUENCY COMPENSATION

3.1 | Principle of dual-frequency
compensation

With the SFC method, the beat voltage at the frequency of
(2w,~w,) in (9) can be eliminated by compensating a variable
related to the DC-link voltage (AUysin(2w,+0)/Uy,) for the
three-phase output frequency [22]. However, this method will
double the amplitude of the beat voltage at the frequency of
(2w, +w,). Consequently, the motor will still suffer from the beat
phenomenon.

To avoid the beat voltage at the frequency of (2w,+w,), the
DFC method with two compensation variables is proposed.
With the DFC method, the frequency of the modulation signal
for each phase is assumed as follow:

Wiy = @, + X cosaw,z + 6;) + Y cos[Qw, + 2w,) + 6]

(13)
whete X; and 8;; are the amplitude and phase of the first
compensation vatiable at 2w,, Y; and 6, are the amplitude
and phase of the second compensation variable at 2w,+2w,.
Noted @, = 6+, @1 = 0;+2w,1, ¢ = 6+ (2w, 20,1,
Ky = X;/20,, and K, = Y,/ (2w,+2w,), the modified modula-
tion signal 7’ id of each phase can be derived as

m':,ﬂ, = M cos [(9,-+/ co,-w,;dz‘)]

. ! 14
= M cos|p,, + Ky sin(@;1) + Ky sin(@,2)] 19

Furthermore, (14) can be resolved as

;o cos[K;y sin(@;1)] cos[K sin(@;2)]
g = M cos i {— sin[Ky sin(@;1)] sin[K, sin(@;)] }

L= sin _ 15
o sin[K;y sin(@;1)] cos[K, sin(@;)]
Msing; {+ cos[K;y sin(@;1)] sin[K, sin(@;,)] }

Substituting the Bessel function (16) into (15), (17) can be
obtained.

{ sin(esing) =2 Y0 ], (x) sin(uct) »

cos(xsin®@) = Jo(x) + 22,7, , ... /(%) cos(n)

oK) + 282, 0 T (K cos(op)|
X o) + 282, 4 1K) cos(i)]
— 1222 55 Ju(Kn) sin(mpir)

X2 221,3,5.../;1 (K2) sin(n9,2)

/
nt,, = M cos @, 3

[2 221’3,5...]71 (K1) Siﬂ(”%l)]

X oK) #2207, 4 .. Ju(Kin) cos(mp )
+ oK) + 2207, 4 6. Ju(Ki) cos(rpn)
X [2X02, 55 Ju(K) sint)]

—M sin (2% 3

\

17)
where /o (K1) = Jo(K) =1, /i1(K) = 0.5K, /1(Kp) = 0.5K,.
In (17), /,(>) (#>1) can be omitted as they are much smaller than
Jo and /;. Therefore, the modified modulation signal »’ id can
be simplified as

wly m M cos(@,) {1 — Ky Ky sin(@s1) sin(@) }

—Msin(@,) { Ky sin(@,) + K sin(@,) 18)

Ignoring the small-term with the coefficient K;; K, (18) can
be further derived as

! i & M cos(@)
—0.5MK;y |cos(@;, + @i1) — cos(@;, — @;1) (19
—0.5MK |cos(@;, + Pin) — cos(@;, — Pi2)

3.2 | Phase voltage with dual-frequency
compensation

After PWM process, the phase voltage with modified mod-
ulation signal in (19) can be derived as follows (noted
@4 = 6+2w,2):

#y; :;d uy, = MUy, cos(®;,)
—0.5MU,.K;y |cos(p,, + @) — cos(@,, — ;1)

—0.5MU, Ky [cos(@;, + @) — cos(@;, — Pin)
+MAUy, sin(p,,) cos(®;,)
—0.5MAU; K}y |cos(@;, + @i1) — cos(@,, — 1) | sin(@g,)
—0.5MAU; K |cos(@;, + $in) — cos(@,, — )| sin(@y,)
(20)

where 0.5 MAU,,K;; and 0.5 MAU,,K;, are the small terms that
can be ignored, thus, (20) can be decomposed and simplified as
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”z'p ~ MUd[ COS(gDZ'I,)

|
_ @ ]
MUK
_ 2[ L cos(p;, + @;1) + cos(@y — @;,)
20,40, 20,—a,
MUK,
- 2[ = | cos(@;, + @;2) +cos(@ir — @) 1)
20,430, 20,4,

+0.5MAU,, cos(@+@;, — %)

20,4,

T
+0.5MAU,, cos(p, — @, — E)

20,~w,

It can be known that the phase voltage #;, is composed of
four AC components. The component at the frequency of w,
is the fundamental voltage, the components at the frequency of
20,4, ate the beat voltages that need to be eliminated, and the
component at the frequency of 2w,+3cw, is the harmonic volt-
age introduced by the DFC method. To cancel the beat voltage
at the frequency of 2w,%w,, (22) is obtained. It can be known
that the amplitude of the harmonic voltage at the frequency
of 2w,+3w, is MAU,. As such harmonic voltage is of small
amplitude and high frequency, it will have little influence on the

motor:
w w
Pi=Pa — 3 0,=0— 3
T T
Pi=P4+2¢; — 3 0,,=60+20; — >
AU, = 20U, 29
K="k Xom ks 22
Uy, U,
K= 200, v 4AU, (@, +,)
p=—" —_ 5 7
Uy ’ Uy

The two compensation variables Aw; and Aw;, are defined
as follows:

ZAUd[CUg )
AC()1=Td[ Sln(ZCl)gf + 6) (23)
4AUd[(Cl)g + Cl)e)
Awy=—————sin| (2, + 20/ + 6426 (24)
de h
3.3 | Modulation index analysis

The modified modulation signal with the SFC, DFC, and MIC
methods are expressed as (25), (26), and (27), respectively. The
trajectories of the modified modulation signal with these meth-
ods can be obtained by substituting (25), (26) and (27) into the
space vector function (28):

m}’J = M cos(0;+w,t + / Aw, dr) 25)

M=1.04
—  With the SFC method
—  With the DFC method
—  With the MIC method

(2)

(b)

FIGURE 3  The trajectories of the modified modulation signal with
different methods. (a) AU, = 0.1Uy,. (b) AU, = 0.2U,,

’”/,‘f/ = M cos[0,+w,z + / (Aw; + Aw,y)dt] (26)

= MUy, cos(w,t + 6,)
U+ AUy, sin(2w,t + 6)

(27)

m= % (lﬂd + Amy, + /1277/‘.) A =27/ (28)

Figure 3a shows the trajectories of the modified modu-
lation signal with the SFC, DFC, and MIC methods while
AU, = 01U, and M = 1.04. The trajectory with the SFC
method is an ideal circle, which is the same as the unmodified
trajectory. Thus, the SFC method has no modulation index limi-
tation. The trajectory with the MIC method is irregular, and part
of it exceeds the hexagon boundary. Thetefore, overmodulation
will occur, and the additional harmonics will inevitably increase.
While the DFC method is adopted, the trajectory is still inside
the hexagon with a certain margin.

Figure 3b shows the results while AU, = 02U, and
M = 1.04. With the increase of the fluctuating DC-link voltage,
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host computer

FIGURE 5

The StarSim hardware-in-loop testing platform

it can be concluded that the trajectoties of the modified modula-
tion signals with both the MIC and DFC methods are expanding
outward and exceeding the hexagon boundary, resulting in over-
modulation. The overmodulation phenomenon with the MIC
method is much more evident than that with the DFC method.
In Figure 3a and b, the trajectories of the modified modulation
signals with the SFC method are always an ideal circle with a
fixed radius.

Therefore, the DFC method can be a transition between the
MIC and SFC methods. That is, when the modulation index is
low, the MIC beat-less algorithm is used for better beat phe-

TABLE 1 Experimental parameters

Parameters Value
Uy (V) 1650
@, (rad/s) 100
Motor stator leakage inductance 2, (mH) 1.58
Motor stator resistance R, () 0.223
Motor rotor leakage inductance L, (mH) 2.076
Motor totor resistance R, (Q) 0.103
Motor mutual inductance 2., (mH) 43.8
Load torque 7,, (N.m) 200
Control frequency of RCP f; (Hz) 2000
Sample time of RTS 7 (us) 1

Tek {211 [ I 1

Speetl 30(rad/s)/div Stage C

Stage B
”Mw , W: : ' mt*uﬂr "-‘:fr'='\t‘~:.~'.“-.:'rv#'.'!-‘mlv w;;«wé«%

Electroﬁa dnetic torque 40 G(N.m))div

@ 5S0omy ][4 0ms

2.50k/R/FS [1 W2 67H 2020
® 100V 10k 5

0.00V 09:02:02

t (0.4s/div)

FIGURE 6

Motor speed and torque in different stages

nomenon suppression. As the modulation index increases, the
trajectory is about out of the hexagon. Hence, the DFC beat-less
algorithm is selected for linear modulation. As the modulation
index increases further, the trajectory with the DFC method is
about into the overmodulation region too. Therefore, the beat-
less algorithm can be simplified as the SFC method. Conse-
quently, the beat phenomenon can be greatly suppressed in the
full speed range, thereby reducing the motor current harmonics
and torque ripple.

3.4 | Implementation of dual-frequency
compensation

As the analysis above, the DFC method is applied to modify the
three-phase modulation signals output by the inverter-motor
control strategy (filed oriented control, FOC) in PWM process,
and the implementation of the DFC method is shown in Fig-
ure 4. To obtain the AC component of the DC-link voltage #,,
at 100 Hz, the bandpass filter G (5) tuning at the same frequency
can be used and written as follows:

2Cl)€1.f

Gi(s) = (29)

2+ 2w, + 4co§

where w,q is set as 2.51 to maintain a proper bandwidth for the
variation of @, (0.2 Hz). As the AC component #,,/is obtained
by G| (s), the DC component U, can be derived by subtracting
#g.rin u,. Therefore, the first compensation variable Aw; can
be expressed as

2w g” de— f

ACOl = Ud
e

(30)

For the calculation of the second compensation variable
Aw;, two temporary variables C; and D; are defined as
follows:

C, = sin(w,z + 6,) 31)
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FIGURE 8  With the SFC method in stage B. (a) The modulation signals. (b) Three-phase currents of the motor. (¢) The harmonic spectrum of the currents
sists of a host computer, an adapter plate, a rapid control proto-
2 A . .
D = 8 —2C ) gt @i~ type (RCP), and a real-time simulator (RTS). The FOC strategy
z . . .
and beat-less algorithm run on RCP, while the inverter-motor
_ 4AUd{(a{g+wc>

Uy,
(sin[(Za)g +d2w€)i + 6+26)]

32)
Ug + sin[(w, — 2w,)r + 6 — 261»]>

The bandpass filter G;(s) is used to extract the component
with the frequency of 2w ,42w, in (32) and written as follows:

2C0£25

Go(s) = 33)

2+ 20,05 + 4, + @,)°

where w,, is also set as 2.51 to maintain a proper bandwidth
for the variation of w, (0.2 Hz). Thereby, after the filtering
process, the second compensation variable Aw;, is obtained.

4 | EXPERIMENTS RESULTS

The StarSim hardware-in-loop testing platform is used for
experimental verification. The platform, shown in Figure 5, con-

Tok 11 1 Tol 1% L de—

system model is executed in RTS in real-time. RCP and RTS are
connected through actual physical 1O to transmit signals. The
control commands are sent by the host computer. The experi-
mental parameters are shown in TABLE I, AU, is set as 165 V.
The fundamental frequency f, is 100 Hz with a switching fre-
quency of 1000 Hz to simulate the beat phenomenon in the
worst conditions.

In Figure 6, the experiment is carried out in three stages.
There is no beat-less method in stage A, while the SFC and
DFC methods are applied to stages B and C respectively. It can
be seen that the speed and torque both fluctuate significantly in
stage A, and the amplitude of torque pulsation is higher than 600
N-m. After the SFC method is used, the pulsations of the speed
and torque are suppressed. The amplitude of the torque pulsa-
tion drops to about 100 N-m, shown in stage B. The speed and
torque are becoming smoother with the DFC method, and the
amplitude of the torque pulsation is only about 50 N-m shown
in stage C.

.=

o,
EBE = | A 1 W
t (2ms/div)
(@)
FIGURE 9
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With the DFC method in stage C. (a) The modulation signals. (b) Three-phase currents of the motor. (c) The harmonic spectrum of the currents
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FIGURE 10 The comparison results with different methods while AU, = 0.1U,. (a) The low-frequency beat current comparison. (b) The high-frequency

beat current comparison. () The max torque pulsation comparison

The three-phase modulation signals, the waveforms and the
harmonic spectrum of the motor current in different stages are
shown in Figures 7, 8, and 9 respectively. In stage A as shown
in Figure 7, the modulation signals are symmetrical sinusoidal.
Under such modulation signals, the beat voltage occurs, leading
to the asymmetric current obviously. The low-frequency beat
current (20,—,, which is 0 Hz) for phase « reaches as high as
180.9 A, while they are -95.5 A and -91.3 A for phase / and ¢
respectively. The high-frequency beat-current (2w,+w,, which
is 200 Hz) for three phases are almost the same with the value
ranging from 18 to 19 A.

Figure 8 shows the results of the SFC method in stage B.
The modulation signals are modified and distorted slightly, but
they are still of three-phase symmetry. the DC component of
the three-phase current drops significantly to 4 A, 4 A, and 12
A respectively. The high-frequency beat-current has increased
by about 8 A.

With the DFC method, the beat phenomenon is suppressed
more effectively, shown in Figure 9. A notable feature of the
DFC method is that the modified modulation signals are obvi-
ously distorted and no longer three-phase symmetrical. Consis-
tent with the analysis above, the beat currents at frequencies of
20,%+w, are eliminated. The waveforms of the three-phase cut-
rents can be more symmetrical compared with the waveforms
in Figure 8b. It should be noted that the currents in Figure 7b,
Figure 8b, and Figure 9b are rich in the PWM-related harmonics
due to the low switching frequency.

To further test the performance of the SFC, DFC, and MIC
methods, the comparison experiments among them are carried
out while f, is ranged from 85 to 113 Hz. The carrier ratio (f;/f,)
is set as 10 for synchronous modulation. The results are shown
in Figure 10 while AU, = 0.1U,,. Based on the FOC strategy,
the modulation index increases as f, increases, thus, the motor
can operate at rated flux. The results in Figure 10 show the valid
speed range of different beat-less algorithms. When £, is higher
than 93 Hz, the trajectory of the modified modulation signal
with the MIC method is out of the linear modulation region. As
for the DFC method, the linear modulation still can be realized

until £, is higher than 105 Hz. In the region where f, exceeds
105 Hz, only the SFC method can be applied for beat phe-
nomenon suppression. Figure 10a gives the low-frequency beat
currents comparison results with different beat-less algorithms.
When £, is closed to 100 Hz, the ratio of the low-frequency beat
currents reaches its peak if the beat-less algorithm is not applied.
The reason for that can be explained by the motor impedance
characteristic [22]. After the beat-less algorithm is used, the
ratio of low-frequency beat current can be reduced significantly.
Figure 10b shows the ratio of the high-frequency beat current.
As the SFC method is used, more high-frequency beat currents
will be introduced. On the contrary, The MIC and DFC meth-
ods can suppress the high-frequency beat current effectively
with almost the same performance. The comparison of max
torque pulsation is shown in Figure 10c. Without any beat-less
algorithm, the peak value of max torque pulsation can be
obtained at 100 Hz due to the high value of the low-frequency
beat current. The torque pulsation can be suppressed by these
three beat-less algorithms. Some small terms in (9), (18), (19),
and (20) are ignored in the calculation process. Besides, the
principle of the DFC method is to shift the beat voltages to
a higher-frequency region, rather than cancel them out. All
these factors result in worse performance for torque pulsation
suppression compared with the MIC method. However, the
torque pulsation suppression effect with the DFC method can
still be better than that with the SFC method, because the high-
frequency beat current is also eliminated by the DFC method.
Figure 11 also presents the comparison results while
AU, = 0.2U,, which are almost the same as the results in Fig-
ure 10. However, all indexes (including the rates of the low
and high-frequency beat currents, the max torque pulsation) in
Figure 11 are higher than these in Figure 10 due to the larger
DC-link voltage ripple. In Figure 11, the maximum f, for the
linear modulation with the MIC and DFC method are 87 and
103 Hz respectively, which both become smaller compared with
Figure 10. However, for the DFC method, the applicable lin-
ear modulation region is 12 Hz (107-93 Hz) in Figure 10,
whereas it is 16 Hz (103-87 Hz) in Figure 11. Therefore, the
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FIGURE 11
beat current comparison. (¢) The max torque pulsation comparison

applicable modulation range for the DFC method can be higher
with a larger DC-link voltage fluctuation.

5 | CONCLUSION

In this paper, the beat-less algorithm based on the DFC
method is proposed to shift the spectrum of the beat voltage to
a higher-frequency region. Two variables are used for frequency
compensation, thereby, both the low and high-beat currents
can be eliminated. As the DFC method can be applied under a
higher modulation index than the MIC method and has a better
beat phenomenon than the SFC method, it can be the tran-
sition between the MIC and SFC. Consequently, the traction
performance of the EMUs can be improved in the full speed
range. The implementation of DFC gives guidance on how to
obtain the two variables. The applicability and superiority of the
DFC method are verified by the StarSim hardware-in-the-loop
platform.
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