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Abstract

In electric vehicles, the performance of the electric motor drive system
depends on the characteristics of the control scheme applied. This paper
discusses the torque ripple in an induction motor drive scheme exclusively
and also proposes a new scheme to minimize it. The major cause of the torque
ripple in induction motor drive is the presence of a high stator torque compo-
nent (q-axis current) ripple. In the proposed scheme, the inverter is switched
with the optimal duty ratio for the minimum g-axis current ripple. This leads
to a decrease in g-axis current error and eventually torque ripple reduction.
The distortion of the stator current waveform is also limited and gives rise
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to lower total harmonic distortion (THD). The feasibility of this proposed
duty ratio modulated (DRM) improved torque and flux control scheme is
studied using the MATLAB/Simulink computation tool and validated through
appropriate experimentation.

Keywords: Dynamic current control, duty ratio modulation, field-oriented
control.

1 Introduction

Presently, AC drives have revived themselves with the recent developments
in the electric vehicle industry [1-3]. Torque ripple in the motor drive system
in electric vehicles causes vibration in the drive line. But torque ripple is
inevitable in electric motor drives [1, 2], especially induction motor (IM)
drives, because of the stator current ripple produced by the torque control
schemes, while switching the inverter [1-5]. In field-oriented control (FOC)
based IM drive algorithms, ripples in the stator d-q current components
are reduced using various current regulation strategies [4—6]. The general
block diagram of the FOC drive is shown in Figure 1. FOC stator current
regulation strategies can be classified as linear and non-linear current regu-
lators [5]. In linear current regulators, pulse width modulators (PWM) like
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Figure 1 Field-oriented control of IM — a comprehensive block diagram.
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sine PWM, space vector PWM etc., are used for stator current regulation
[7-15]. Whereas, non-linear regulators provide current regulation through
(1) Hysteresis controllers [16-24], (2) Online optimal controllers [25-28],
and (3) Soft computing controllers [29, 30]. Linear current regulators operate
at a constant switching frequency and produce better stator current char-
acteristics (balanced phase currents with lower ripple and harmonics) than
non-linear regulators [5, 6]. However, non-linear controllers have certain
inherent advantages such as good error tracking, simple and robust control
[5, 6].

Apart from field-oriented control, the direct torque control (DTC) scheme
has also been a viable solution for torque control in AC drives [31-39].
In DTC, torque and stator flux are controlled directly using a hysteresis
controller-switching table based structure as shown in Figure 2. This simple
control structure of DTC has led to a fast dynamic torque response [1, 2].
DTC also suffers from high torque ripple and variable switching frequency
[1, 2]. This high torque ripple is because of the inappropriate selection of the
control voltage vector for the torque control within the torque hysteresis band
[33, 34].

The torque ripple in DTC and FOC drives has been reported to be about
18% and 11% respectively [36]. In similar drive operating conditions, the
current ripple was also found to be 6.63% (DTC) and 3.86% (FOC) [36].

In 1991, Marian P. Kazmierkowski et al. introduced a non-linear FOC
scheme (NLFOC) with a DTC structure as shown in Figure 3 [16, 17]. In this
scheme, control voltage space vectors are selected from the switching table,
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Figure 3 Block diagram of the non-linear field-oriented control algorithm.

which avoids unbalanced phase currents. The DTC structure of this algorithm
has also led to high current and torque ripples.

The objective of the proposed DRM-NLFOC scheme is to minimize the
RMS g-axis stator current ripple, thereby reducing the electromagnetic torque
ripple. To achieve this objective, a new scheme, where the optimal switching
duty ratio is computed from the predicted g-axis current response.

In the following section, first, the control principle and conventional
control structure of the NLFOC scheme are presented and then the proposed
DRM-NLFOC scheme is discussed briefly. In Section 3, a numerical study
of the conventional and proposed schemes is elaborated based on the d-axis
and g-axis current characteristics, flux characteristics and electromagnetic
torque response. The results obtained in the numerical study are also validated
experimentally and a brief comparison of results is also presented.

2 Non-Linear Field-Oriented Control Scheme
2.1 Control Principle

The mathematical modelling equations of an induction motor in the syn-
chronous reference frame are expressed as,

Vgs = (RS + Lsp)igs + wswf{s + meigr (1)
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VS, = (Rs + Lep)if, — wethSs + Linpil, ©)
0 = Rui, + pt0S, + wathls (3)

0 = Ryi§, + p¥0§, + wathsy &)

s = Lmi§y + Lsif 5)

Y = Limigy + Leicy 6)

Yar = Limigs + Luig, (7)

Yo = LimiGs + Luil, ®)
ezggi‘f(zﬁrxi) 9)

The objective of the NLFOC scheme is to decouple the electromag-
netic torque and the rotor flux linkage (1;) in Equation (9), such that the
electromagnetic torque can be independently controlled by the stator g-axis
current (ig,). Therefore, the rotor flux linkage is aligned with its d-axis com-
ponent (1/4.) and held constant in this scheme as expressed in Equation (10)
and shown in Figure 4.

Var = Pr; g =0 (10)
The Equation (9) can be expanded as,
3PL ) .
e = igfm(lbgrlgs - grlzs) (11)
r

Using Equation (10), Equation (11) reduces to,

3P Ly

e—iaf( ficels) (12)
r

On eliminating rotor current d-q components in the rotor voltage

Equations (3)—(4) using Equations (7)—(8),

R L .
O = p’lz[)(elr + i¢gr - erlgs + Wsﬂbflr (13)

R L :
0= pT/JSr + 7r¢3r - merfis - WsWSr (14)
L, L,
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Figure 4 Decoupled stator current control on the electromagnetic torque.

From Equation (10), Equations (13)—(14) becomes,

LR,
_ omltr 15
Wsl Lo, Igs (15)
Yy = Linigq (16)

Equation (16) allows the rotor flux to be retained constant using the
stator d-axis current component (if,). This means that the change in the
igs current (igg to ig’s) (refer to Figure 4) causes a change in the resultant
stator current, the angle (0) between the resultant stator current (is) and rotor
flux linkage vector (¢);). Thus, the electromagnetic torque can be controlled
by the ig, current. The variation in the electromagnetic torque (ATe) (from
Equation (9)) can be expressed as,

_ 3PLy

AT, = §§L—r]¢r|\1s+A15]smA5 (17)

2.2 Conventional Control Structure

The block diagram of the NLFOC scheme is shown in Figure 3. The com-
mand stator dg-axes current components (ig; and igg) are calculated from
the required rotor flux (¢7) and the electromagnetic torque (T7) using
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Figure 5 Inverter control voltage vectors (Vo—V7) and synchronous angle sector (S1—S24)
in stationary d*-q° space.

Equations (16) and (12) respectively. The induction motor phase current
component errors (Aig; and Aif) in the synchronous reference frame are fed
to the three-level hysteresis controllers Based on the current error hysteresis
level and the synchronous angle sector (S;1—Sa4) (refer to Figure 5), inverter
switching pulses are provided from the switching table (refer to Table 1), to
control the induction motor drive.

2.3 A Novel Duty Ratio Modulated NLFOC Scheme

The concept of the duty ratio modulation is to estimate the required switching
time of the inverter control pulses. The objective of the proposed duty ratio
modulated NLFOC scheme (DRM-NLFOC) is to attain a minimum RMS i,
current ripple. Thus, a mathematical equation providing the dependence of
the RMS i¢ current ripple on the duty ratio has to be known. The RMS i,
current ripple over a control sampling time (t.s) can be expressed as,

t;CS
qs (ripple) \/ CS/ qs error) 2 dt = \/ / 1e — le>k th (18)

Figure 6 illustrates the steady-state response of the igg current in a control
sampling time. It can be noted that the active voltage vector increases the
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Table 1 Switching table for NLFOC-IM drive
Eigs +1 +1 +1 0 0 o -1 -1 -1
Sectors  Eigs +1 0 -1 +1 0 -1 +1 0 -1

S1 Va2 Vi Vg V3 Vo Vg V3 Vg Vj
So Va2 Vi Vi V3 Vo Vg Vi Vi Vj
S3 Vo V2 Vi V3 Vg Vg V4 Vs Vs
S Vs Vo Vi V3 Vg Vg Vg V5 Vs
S5 Vs Va2 Vi Vg4 Vo Vi Vg V5 Vg
Se Vs Va2 Vo Vy4 Vo Vi Vs V53 Vg
S7 Vs Vs Va V4 Vg Vi V5 Vg Vs
Ss Vo V3 Vo V4 Vo Vi V5 Vg Vi
So Vs V3 Va2 Vs Vo Vo Vs Vg Vi
SlO V4 V3 V3 V5 VO V2 VG V6 Vl
S11 V4 V4 Vs Vs Vo Va2 Vs \%t Vi
S12 Vs Vs V3 Vs Vo Vo Vg Vi Vp
S13 Vs Va4 V3 Vg Vo V3 Vg Vi Vy
S14 Vs Vi V4 Vg Vo V3 Vi Vi V,
Sis Vs Vs V4 Ve Vo Vs Vi Va Va
S16 Vs Vs V4 Vs Vo Vs Vi Va Vs
Si7 Ve Vs Vg Vi Vo V4 Vi Vy Vj
Sis Ve Vs Vs Vi Vo Vg Va2 Vi V3
Slg V6 V6 V5 V1 VO V4 V2 VS VS
S20 Vi Vs Vs Vi Vo Vi Vo Vs V4
Sa1 Vi V¢ Vs V2 Vo V5 Va2 V3 Vy
S22 Vi Ve Ve Va2 Vo V5 V3 V3 Vyu
Sa3 Vi Vi Ve V3 Vg V5 V3 Vg Vu
So4 Va Vi Vs Va Vo Vs V3 Vi Vs
A
Positive slope (f)) ! Negative slope (f;)
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Figure 6 Response of the g-axis Stator Current Over the Control Sampling Time, tcs.
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igs current in time 0 — ts (positive slope, f1), while the zero voltage vector
reduces the if1S current in time t.s — t5 (negative slope, f2). If igso is the initial
igs current, the positive and negative slope intervals (from Figure 6) can be
expressed as,

igso + fltS + f2t - f2t57 ts S t S 13cs

ie

qgs

:{@w+ﬁm 0<t <t 19)

Using Equation (19), Equation (18) can be expanded as,

_ 1 ts .
1Zs(ripple) = \/t |:/0 (lcelso + 1t — 13;'5‘)2dt
cs

1 [t .
+ \/tcs /t (lgso + flts —+ fzt — f2ts — lf{;)th (20)

To achieve minimum i, ripple, the following condition has to be satisfied

(from the calculus maxima and minima principle).

0i°_ .
gs(ripple)

—F— =0 21
o, 2
Equations (20)-(21) have to be solved to establish the mathematical

relation between RMS i, current ripple and switching time (ts) to achieve

minimum ripple condition. To solve these equations, slopes f; and fy have
to be known and can be derived from the induction motor modelling

Equations (1)-(19).

The vgs voltage Equation (1) can be expressed in terms of igg and stator-
rotor flux linkages using Equation (8) as,

L . .
Vou = 22y + Rl + o LapiGe + et @)
T

— Lo
Whel‘e, oc=|1-— T.L,

On rearranging Equation (22),

L, L:Rs. oLsL, . L,
Pl/fgr = EVZS - Lo, lzs - Lo Plgs - Ewswﬁs (23)
Similarly, from Equation (13),

RiLpy . R
P, = im%—i%g—%w; (24)
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The Equations (23) and (24) are solved and simplified to express the rate
of change of i, as

. . R,L
pity = Ave, — Bily — Awg§, + ﬁwgr + Cwq s, (25)
SHr

L2Rs+R.L2 Lm
Where, A = UL ,B = oLl ,C= I

Using Equation (7), Equation (5) can be rewritten as,
L L2 — LL,
Vs = T%wgr - [L?] s (26)

Eliminate 13, from Equation (25) using Equation (26),

R;Ln

pizs = [Avgs _ -e + L1 ¢qr + Dwsig, — [Ews — Cwsl]i/)flr} 27

Where, D = A [L sl } ALm
On applying the decoupled electromagnetlc torque control condition
(from Equation (10)), Equation (27) becomes,
Pigs = Avgs — Bigs + Duwsigg — [Ews — Cwgl]tr (28)
For a small sampling period tsp,, Equation (28) can be represented as,

e
B Alqs

Pigs = = [Avgs — Bigg + Duwsigs — [Ews — Cuwg]9y] (29)

tsp
Thus, positive and negative slopes of the igs current are found to be,

fj = —L = [Avg, — Big, + Duwsifs — [Ews — Cwgl] 4] (30)

fo = . £ = [-Bi§, 4 Duwsifs — [Ews — Cuwg] ¢y] (31)
sp
By substituting slope Equations (30)—(31) in Equation (20), the RMS ifls
current ripple is calculated and partially differentiated to satisfy the minimum
ripple condition (Equation (21)) [34].

) (2f; — fg)t
ales ripple f; —
T
— (2(1850 — g:)tcs + thES)
(32)
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Figure 7 Block diagram of the DRM-NLFOC scheme.

The Equation (32) is solved to find the optimal active vector switching
time (ts) [35].
o 2(igs — igso) — fotes
° 2f; — £

(33)

This equation is resolved to calculate the optimal switching time in the
duty ratio calculator block of the proposed DRM-NLFOC scheme (shown
in Figure 7). The implementation flow chart of this block is highlighted in
Figure 8.

Here a two-level and three-level hysteresis band are used for both i
and igg error controllers respectively. The space vector representation of the
control voltage vectors and the switching table for this scheme are given in
Figure 9 and Table 2 respectively.

3 Results and Discussion

The efficacy of the proposed DRM-NLFOC scheme is investigated numer-
ically and validated experimentally. The numerical study has been carried
out using MATLAB/Simulink. Table 3 provides the specifications and equiv-
alent circuit parameters of the test induction motor. The control execution
flowcharts, adopted for the NLFOC and DRM-NLFOC schemes for the
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Table 2 Switching table for DRM-NLFOC drive
Sectors

Eids Eiqs Sl S2 S3 S4 S5 Sﬁ
+1 +1 Vo Vs A Vs Vs Vi
0 V7 Vo V7 VO V7 VO

—1 VG V1 V2 V3 V4 V5

—1 +1 V3 Va4 Vs Vs Vi Vo
0 Vo V7 Vo V; Vo Vy

—1 V5 V6 V1 VQ VS V4

Table 3 Specifications and equivalent circuit parameters of a 1 kW, 3-phase induction motor

Specifications/Parameters Values
Rated speed 713 rpm
Rated DC-link voltage 72V
No. of pole pairs 4
Stator phase resistance 0.209 ©2
Stator phase leakage-inductance  1.19 mH
Rotor phase resistance 0.185Q
Rotor phase leakage-inductance ~ 2.24 mH
Magnetizing inductance 10.6 mH
Rated stator flux linkage 0.2 Wb
Rated rotor flux linkage 0.17 Wb

numerical and experimental analysis are shown in Figure 10. The test
conditions adopted for these analyses are as follows,

* Fundamental sampling time — 20 us
* i3, and igg error hysteresis bandwidth — 0.05 A
 Control sampling time — 200 s

3.1 Numerical Study

The induction motor drive performance, due to NLFOC and DRM-NLFOC
schemes at 713 rpm and 300 rpm are depicted in Figures 11-12 respec-
tively. Since the iy, current and i¢s current ripples directly impact the
electromagnetic torque (refer Equation (12)), rotor flux (refer Equation (16))
and stator current THD, the characteristics of these components at various
drive speed-load conditions are consolidated graphically and presented in
Figure 13.
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Figure 10 Control execution flow chart of the NLFOC and DRM-NLFOC scheme.

Analysis of the d-axis and g-axis Current Ripple

In NLFOC drives, the steady-state response of the iy, and igg currents depends
on the stator and rotor time constants [7, 8]. The large rotor time constant of
the induction motor drive leads to a slower i, current response. Whereas, the
igs current has a quicker response to the inverter switching vector because of
the small stator time constant. Thus, limiting the it current error within the
hysteresis band has been a challenge and causes a high ripple. However, the
switching of the inverter at the appropriate duty ratio in the DRM-NLFOC
scheme has led to a reduction in current ripples.

The iy ig current ripples are reduced by 82.24% and 88.13% respectively
(as shown in Figure 13) at 713 rpm. The d-q axes current component ripples
distort the stator current waveform. Thus, the reduction in the stator current
ripples in DRM-NLFOC has also improved the profile of the stator current
waveform compared to the NLFOC scheme and resulted in the stator current
THD of 0.22% (from Figure 13).
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Figure 11 Induction motor drive performance based on NLFOC and DRM-NLFOC
schemes — electromagnetic torque and stator current response.

Flux Characteristics

From the NLFOC principle, it is evident that the rotor flux is indirectly
controlled by the i, current (refer to Equation (16)). With the reduction in the
d-axis current ripple, the rotor flux ripple has been observed to be 0.0001 Wb
in the DRM-NLFOC scheme, which is about 93.75% lower than the NLFOC
scheme at a drive speed of 713 rpm and 10 Nm load.
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Figure 12 Steady state drive characteristics — electromagnetic torque and stator current
components.

Electromagnetic Torque Response

In steady-state, the electromagnetic torque response is a function of the igg
current and rotor flux characteristics (as seen in Equation (12)). In the DRM-
NLFOC scheme, the duty ratio of the control voltage vector is calculated
prior, to ensure minimum RMS i, current ripple. This has led to a decrease
in the igg current ripple and also caused the electromagnetic torque ripple to
reduce by about 88% compared to the NLFOC scheme at 713 rpm and 10 Nm
load (as shown in Figure 13).
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Figure 13 Numerical study — NLFOC and DRM-NLFOC based induction motor drive
characteristics at various drive speeds and load conditions.

3.2 Experimental Validation

The experimental test setup is shown in Figure 14 and consists of the
following components,

* Motor test-bed — 1 kW induction motor (test) coupled with 3.7 kW DC
generator (load)
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Mixed Signal
Oscilloscope
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Figure 14 Experimental test setup.

* Controller — The control schemes are executed using the dSpace 1103
controller

» Power inverter drive unit — Three-phase inverter IGBT module, Infineon
FS100R06KE3 driven by IR2110 driver circuits with 10 ps dead time.
Bidirectional current sensor ACS758 is used to measure inverter phase
current

Figures 15 and 16 shows the steady-state stator current and electromag-
netic torque responses of the NLFOC and DRM-NLFOC based induction
motor drives respectively at rated drive speed (713 rpm). The drive per-
formance has been presented for both no-load and 10 Nm load conditions.
Similar to the numerical study, the effects of the current and current charac-
teristics on various drive components are analysed and depicted graphically
in Figure 17.

The experiment results observed in Figures 15-17 resemble numerical
study, irrespective of the real-time constraints such as signal delay, sensor
offsets/errors, machine dynamics etc. Thus, proving the efficacy of the pro-
posed algorithm. A summary of the drive performance due to NLFOC and
DRM- NLFOC schemes at various speeds is presented in Table 4.
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Figure 15 NLFOC based induction motor drive — steady state performance at 713 rpm and
300 rpm.
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Figure 17 Experimental study — NLFOC and DRM-NLFOC based induction motor drive
characteristics at various drive speeds and load conditions.
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4 Conclusions

In this paper, duty ratio control of the space vector has been incorporated
into the NLFOC scheme. The objective of the duty ratio control has been
to obtain a minimum RMS g-axis current ripple. From the results following
observations can be made,

* The d-q axes current ripple has been reported to be reduced by 66.64%
and 75% (average) respectively (refer to Table 4).

* The reduction in the current component ripples has led to a decrease in
the electromagnetic torque ripple and stator current THD by 74.67% and
69.79% (average) respectively (refer to Table 4).

Furthermore, the DRM- NLFOC scheme modulates the inverter control
voltage vector at a constant switching frequency compared to the NLFOC
scheme. The thermal impact and ageing of the motor drive can cause param-
eter variation and may result in an error while calculating the required duty
ratio. To overcome this, parameters error compensation techniques such as
using the Kalman Filter, least-square estimation etc. can be applied.
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