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Abstract—This paper presents robust predictive current con-
trol (RPCC) with online disturbance estimation to achieve high-
performance current loop for induction machine (IM) drives. The
disturbance caused by parameter variations and other unmodeled
dynamics is considered in modeling of IM. Based on this model,
the control law of the proposed scheme is derived, where a discrete
Luenberger observer is designed to estimate the future values of
stator current and disturbance. The selection of the designed ob-
server gain is a compromise between the system control bandwidth
and robustness. Compared with the conventional RPCC, the pro-
posed scheme removes the steady-state current error caused by
the system disturbance. Experimental results on an industrial in-
duction machine drive show that the proposed scheme provides
fast and static-errorless current tracking even with mismatched
machine parameters.

Index Terms—Discrete Luenberger observer, induction machine
(IM) drives, online disturbance estimation, robust predictive cur-
rent control (RPCC).

NOMENCLATURE

R Stator resistance.

R, Rotor resistance.

L Stator inductance.

L, Rotor inductance.

L, Mutual inductance.

We Synchronous angular speed.
Wy Rotor angular speed.

Ay Rotor flux.

o=1-1L; /(LsL,)
u = [usd usq]T
1= [isd iS(I]T

Leakage coefficient.
Stator voltage.
Stator current.

d=1dsq dsq}T Back electromagnetic force (EMF).
f=1fsa fsq]T Disturbances caused by parameter
variations and other unmodeled dy-
namics uncertainties.
e = [cagy]" Unmodeled dynamics uncertainties.
P Differential operator.
A Parameter uncertainties.
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Estimated value.
Reference value.

Hrcf

las g Quantities on the synchronous rotating
dq reference frame.

s s Quantities on the stationary o3 refer-

ence frame.
1. INTRODUCTION

NDUCTION machine (IM) drives based on indirect field-
I oriented control (IFOC) have been widely applied in indus-
try due to the good speed-regulating performance [1]-[3]. In
an IFOC-based IM drive, the double-loop structure is usually
adopted. The outer loop (speed loop) adjusts the machine speed,
while the inner loop (current loop) regulates the stator current
to track its reference [4]. Thus, the speed and stability of the
current loop are the key factors in the whole drive system.

In recent years, different schemes have been introduced
into the current loop control, e.g., hysteresis-band control [5],
proportional-integral (PI) control [6], proportional resonant con-
trol [7], complex vector control [8], and predictive current con-
trol [9]-[15]. In these control strategies, deadbeat-based predic-
tive current control (DPCC) can calculate the required command
voltage once every sampling period based on object model, and
make feedback current optimally track its reference. Compared
with the commonly-used PI control [6], DPCC achieves fast
current response, which permits the increase of outer loop band-
width [10], [11]. Therefore, DPCC has lately attracted attention
of researchers, and has been used in different applications, e.g.,
three-phase inverter control [16], [17], permanent magnet syn-
chronous motor drives [18].

Although DPCC has the advantage of fast current response,
the controller instability always occurs [10]. This is because the
conventional DPCC completely depends on object model, but in
a practical control system, the parameter error of control object
and other unmodeled dynamics would lead to model mismatch,
which deteriorates the performance of DPCC. For IM drives,
the machine parameters cannot remain constant under factors
like magnetic saturation (inductances) and ambient temperature
(resistances) [19], so the robustness of DPCC is a pivotal issue.

As analyzed in [20], the conventional DPCC is capable to tol-
erate a maximum inductance reduction of 50% of the nominal
value and a maximum control delay of less than two sampling
periods. To extend these limits, a modified DPCC, which is
named robust predictive current control (RPCC), is presented
in [20] and [21]. The RPCC combines the conventional DPCC
with a Luenberger observer to estimate the future current values,

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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which reduces the controller dependence on object model and
leads to improved robustness. In [22], the fractional part of the
total delay is considered for further assessment in the RPCC.
Based on the plant extended state-space model, a modified Lu-
enberger observer with complete state feedback is designed to
improve the system robustness. However, these RPCCs still suf-
fer from steady-state current errors due to the disturbance caused
by parameter mismatch and other unmodeled dynamics. In [23],
an adaptive RPCC is presented to eliminate this current error,
but an extra current error correction term increases the difficulty
of system design and adjustment.

In this paper, the RPCC with online disturbance estimation
is proposed for IM drives. The contributions of the proposed
controller are: 1) the two-sample deadbeat control achieves fast
current response; 2) the control with online disturbance estima-
tion overcomes the weakness of a steady-state current error of
the conventional RPCC.

The outline of this paper is as follows. In Section II, the IM
mathematical model with disturbance is first given. Then, this
model is improved with consideration of the control timing se-
quence. In Section III, the RPCC with disturbance estimation
is proposed in a discrete-time domain, followed by stability
analyses of the discrete Luenberger observer. In Section IV, the
proposed scheme is analyzed in detail from the perspectives of
static-errorless current control, stability, and dynamic perfor-
mance. The experimental results verify the effectiveness of the
proposed scheme in Section V.

II. SYSTEM DESCRIPTIONS

A. Modeling of IM With Uncertainties

In synchronous rotating dq reference frame, the [IFOC-based
IM mathematical model [24] is described as

digq RyL? + R, L2, . i
= T 7 79 s Wels
dt oL,L? ! ‘
Lm Rr Usd
oy
+ oLsL? + oL, )
disqg R,L?>+ R, L2, . .
N
sy
_om o, 4 sa
oL,L, """ oL,
For clarity, (1) can be expressed in matrix form
di
2 Ai+B(u-d) 2)
dt
where
10 01
A=—-aI+ayJ,B=b1I1= =
01 —10
— RéLg + RTL%TL _ by = 1
al_ O'Lng 7a2_w67 1_O'L5
L,R, L
dsqg = — }L/% . Arydsq = Lr: Wy Ay

However, the IM parameters (resistances and inductances)
cannot remain constant during runtime. Besides, the unmodeled
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Fig. 1. Control timing sequence of the current loop.

dynamics further increase the model error. Taking all these
disturbances into consideration, the IM model given in (2) is
rewritten as

%: (A+AA)i+ (B+ AB)[u— (d+ Ad) +¢€]
= Ai+B(u—d—f) 3)
where

f=-B'[AAi+ AB(u—d—Ad+¢€)+Ad—e.

If the sampling period 7 is selected short enough that the ro-
tation angular during T can be neglected, we obtain the discrete-
time form of (3) by applying the first-order Taylor expansion

i(k+1) = (I + ATy)i (k) + BT [u (k) — d (k) = f (F)] -
“)

B. Control Timing Sequence

In an industrial microprocessor-based control system, the
sampling, algorithm calculation, and PWM update cannot be
accomplished in the same instant [16], [17]. Thus, the impact of
control delay has to be considered in controller design.

Fig. 1 shows the control timing sequence of the current loop.
The sampling is set to synchronize with the PWM interrupt sig-
nal. Its advantage is that the sensed phase currents are close to
the averaged current without switching noise [25], [26], which
prevents measurement drift and lag caused by applying a current
filter. Since the symmetrical PWM strategy is applied, a sam-
pling period 7, before PWM interrupt signal is needed to finish
the sampling and algorithm calculation. Supposing the delayed
i'(t) = i(t—Ty), we get that i'(¢) lags time T, behind #(¢).
Thus, considering the control delay, the discrete-time model of
IM shown in (4) becomes

ik + 1) = (I+AT,)4 (k)

+ BT fu(k - ) —d(k — 1)— f(k — 1).
)

C. IM Drive System

Fig. 2 shows the block diagram of IFOC-based IM drive with
the proposed current controller. A rectifier and inverter set which
is controlled by the control unit is applied to drive the IM. The
overall algorithm in the control unit adopts the commonly used
cascade double closed-loop structure, including the speed loop
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Fig. 2. Block diagram of IFOC-based IM drive with the proposed current
controller.

(outer loop) and the current loop (inner loop). A PI-type con-
troller is used for the speed loop control, and the proposed RPCC
with disturbance estimation is applied for the current-loop con-
trol. The mechanical speed of IM is measured by an incre-
mental encoder. The rotor position 6 used for coordinate trans-
formations is attained by integrating the synchronous angular
speed w.

III. PROPOSED RPCC WITH DISTURBANCE ESTIMATION
A. Design of RPCC With Disturbance Estimation

The RPCC with disturbance estimation is proposed to achieve
fast current response in this section. By using a PWM interrupt
period advanced of (5) and setting ¢’ (k + 2) =4, (k), we can
get the command voltage u (k) of a two-sample deadbeat

tot (B) — ¢ (B + 1)
u (k) = BT,
/
- %z” (k +
where A’ and B’ are the control matrices with the measured
IM parameters. When the measured values are consistent with
the actual values, there are A’ = A and B’ = B. In practical
applications, A" and B’ remain constant during runtime, while
the actual IM parameters vary with time. It can be seen from (6)
that#'(k + 1), d(k), and f (k) are unknown variables during pe-
riod kT to (k + 1)Ty. Thus, we have to predict these unknown
variables in period kT to (k + 1)T5.

First, a discrete Luenberger observer is proposed to predict
¢(k+1) and f(k). According to (5) and assuming that the
value of disturbance is constant during period k7T to (k + 1)T}
[13], the IM discrete-time model can be written by taking the
disturbance term as extended state

1) +d(k)+ f (k) (6)

[i’ (k + 1) I+ A'T, —B'T, i (k) 1
f (k) 0 I fk—1)
B,Ts

+ w(k — 1) —d(k — 1.

0
)
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Fig. 3.  Block diagram of a control system using the proposed RPCC with

disturbance estimation in discrete-time domain.

On the basis of (7), the discrete Luenberger observer is de-
signed as

[Z' (k+ 1] [I+AT, -BT, 7 (k) 1
£ (k) 0 I flk =1
B'T;
+ 0 [u(k — 1)—d(k — 1)]
i’ (k) & (k)
+H — . 8
(leto) L)) @
hiI0
where H = is the observer gain. Notice that the con-
0 hoI

ventional RPCC [20], [21] is a particular case for hy = 0. By
applying the Luenberger-type observer, (8) has the natural dy-
namic characteristics of IM, which means that the estimates can
approach the actual variables under the same input. The stability
of the proposed observer is detailed analyzed in Section III-B.

Second, the back EMF d(k) can be regarded as a slow time-
varying variable in (6) [21]. Thus, assuming that the variation
of d(k) over the switching period is linear, we can predict d(k)
as

dk)~2d(k — 1)—d(k — 2). )

Finally, replacing ¢'(k + 1), d(k), and f (k) in (6) with their
estimates calculated by (8) and (9) results in

dvet (k) — 2 (k + 1)
B'T,

u (k) =

’

A o
- Sk + D+d(R)+F (k).

(10)
Fig. 3 shows the block diagram of the control system using

the proposed controller in discrete-time domain. The detailed

analysis of the proposed controller is shown in Section IV.
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TABLE I
JURY TABLE

B. Stability Analysis of the Proposed Luenberger Observer

For simplification of analysis, we first apply the complex
space vector theorem [24] in (8), which leads to

liéq(k+1) ll_a&ﬂ _CL?Tsj _bllﬂ

Jaa () 0 1

%ilq (k) ]
qu (k - 1)

W,
[uag (k —1) = dag (k — 1)]

N lhl 0 ] [i&q (k) — iy, (k)]

0 ho ij,q (k) — i;q (k)
where iﬁlq = iq + jig and fgq = fq + jf, are complex vari-
ables. When the PWM interrupt frequency is above 5 kHz, the
small cross-coupling term —ao77 in (11) can be ignored in

most cases (as1s = wels < 0.01 for we < 50 Hz). Based on
this, the observer characteristic equation is derived as
=p22’ +p1z+po =0 (12)

1- a/1T9 - hl *bllTs
—hs 1
where  py :1—CL/1T5—h1 —hgbllTs,pl :a’lTs—i—hl — 2,
po = 1. Applying Jury criterion [27], we can obtain the Jury
Table as shown in Table I. Then, the necessary and sufficient
conditions for the observer stability is

A, (1) =ps+pi+po>0
(—1)2A,, (=1)=p2s—p1+py>0.
Ipo| < p2

1)

A,(z) = det <zI -

13)

Substituting the values of py,p;, and py in (12) into (13)
yields

—hgbllTs >0
4 — 2(1,ng —2hy — hzb’ng >0 . (14)
0<a Ty +hy +hot| Ty <2
To satisfy (14), conditions (15) is obtained
hob/' 1 T
/ / /
_alTQ_h2b1T9<h’l<2_a1T9_T. (15)

hy <0

Therefore, to guarantee the stability of the proposed observer,
the selection of h; and hy should satisfy conditions (15). In
addition, the stability and dynamic performance of the proposed
controller further limit the value ranges of h; and hs, which will
be analyzed in Section IV-B.
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Induction Machine

Controller

Fig. 4. Equivalent unity-feedback system in discrete-time domain.

IV. ANALYSIS OF THE PROPOSED RPCC WITH
DISTURBANCE ESTIMATION

In this section, the proposed controller will be compared with
the conventional RPCC to show its improvements. Besides, the
stability and dynamic performance of the proposed scheme is
analyzed further. Considering that the conventional RPCC is
a particular case for hy = 0 in (8), both the two controllers
can be simplified as an equivalent unity-feedback system (see
Fig. 4). The simplified controller is rearranged into two parts:
the equivalent filter

Gr(z)=h "I+ AT) " [I-T+AT, —h)z"]
(16)
where h' = I — (he B'T;)/(z — 1); and the controller

G.(2) =z (I+A'T,)(B'T,) '(zI+h)". (17
The IM is reformulated in discrete transfer function
G, (z) = BT,[2I — (I + AT,)] " (18)

Notice that the estimated back EMF d(k) is a feedforward
term to the controller. Thus, d(k — 1) on the machine side can

be cancelled by d(k) with consideration of the control delay
27 1[21], which excludes the impact of back-EMF variations.

A. Static-Errorless Current Control

First, the weakness of the steady-state current error of the
conventional RPCC is analyzed. Applying ho = 0 in (8), we
obtain f (k) = 0 in the conventional RPCC, and, thus, the dis-
turbance term f (k — 1) on the machine side cannot be canceled.
According to Fig. 4, the error transfer function from f(k — 1)
to e(k) is calculated as

) G()
F(2) L+ Ge(2) 271G, (2)

Based on the final-value theorem, the system steady-state
error is obtained as

d, (2) = (19)

e (00) = lim =1 (20)

z—1 A

D (2) f(2).

Assuming that the disturbance term is unit step-function sig-
nal f(t) = I(t), then we get f(z) = —#;. Substituting f(2)
and (19) into (20) yields

e() =55 a7

Therefore, due to the disturbance on the machine side, there
is steady-state current error in the conventional RPCC.

ey
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Second, the proposed RPCC with disturbance es-
timation is analyzed for comparison. Applying ho
# 0 in (8), we get f(k) # 0. Based on Fig. 4, we can ob-
tain the steady-state error of the proposed scheme considering
both f(k — 1) and f(k)

(zI—I 2I—1T

€’ (c0) = lim
z—1

eI e 0ie)
(22)

-1
where @/ (z) = <) = = Gul2) s the error transfer

(z) 4G22 G, (z)
function from f(k) to e(k). Assuming that f(k) can converge
to its actual value in finite PWM interrupt periods, we get f(z)
=z1f (2) by considering the control delay z~!. Based on this
assumption, substituting (19), ®’ (z) and f(z) into (22) yields

)|

, . 2I—1 G) (Z) -1 £
e’ (00) = llf%( 2 1+G, (z])z*le BN i<
AT Gy(2)z!

f (z)) —0.
(23)

Thus, compared with the conventional RPCC, the proposed
scheme fundamentally eliminates the steady-state current error
by using the online disturbance estimation and correction.

2I 1+ G (2)271G, (2)

B. Stability and Dynamic Performance of the Proposed
Method

Based on Fig. 4, the open-loop transfer function of the equiv-
alent unity-feedback system without filter is

H(z) =G.2"'G,. (24)
The closed-loop transfer function is
GrH (2)
F(z)= —————. 25
S 2>

Assuming that the control error caused by machine parame-
ter mismatch is compensated by the proposed method, we get
A’ =~ A and B’ ~ B. Then, substituting (16)—(18) and (24) into
(25), we obtain

G;G.2"'G,

Fe=1icae, =7

Thus, the proposed controller is a two-sample deadbeat con-
trol with any observer gain H. To further analyze the stability
of the proposed controller, the characteristic equation of (26) is
derived as

A (2)=T+G.z'G, = [(z* —2) I+ 1]

x [z —(I+A'T)]+h (z — 1)(I+AT,)=0.
(27)

(26)

Applying the complex space vector theorem [24] and ignoring
the small cross-coupling term, we rewrite (27) as

Ac(z) =["=(1=h)z—h —ht\T,] (2 —1+dT)

+ (Zhl — h1 — hzb/ng) (]. — alng) = ZAO (Z) = 0
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TABLE II
PARAMETERS OF THE IM

Symbol Quantity Value
Py rated power 3.7kW
Vi rated voltage 380V
wN rated speed 1500 r/min
T rated torque 23.6 N'm
ny, number of pole pair 2

R, stator resistance 1.142 Q
R, rotor resistance 0.825Q
L, mutual inductance 118.9 mH
L, L, stator, rotor inductance 124.4 mH
Jiot total inertia 0.0256 kg-m?

Unit Circle
| Boundary

07T

097 /T !

In/T

1n/T

02 L
097 /T
-04E

XXX h1=04
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==% hincreases .
1 from -20 to 0 0~57l7|/T

-1 -0.5 0 0.5 1
Real Axis

Imaginary Axis

[0
0/6m /T

Fig. 5. Poles migration of the proposed controller with h; varied between 0.4
and 1, and ho varied between —20 and 0.

Compared (28) with (12), we find that the proposed controller
has the same characteristic roots with the Lunberger observer
except one more root in z= 0. Therefore, the conditions (15)
are also the necessary and sufficient conditions to guarantee
the stability of the proposed controller. According to the IM
parameters shown in Table II, the value range of hy; and hs is
selected as (29) to satisfy conditions (15):

04<h <1
(29)

—20< hy <0

To further verify the stability of the proposed controller with
the selected h; and hy in (29), Fig. 5 describes the poles mi-
gration of (27) with h; varied between 0.4 and 1, and hs varied
between —20 and 0. It can be seen that all the poles locate in-
side the unit circle, which means that the proposed controller is
stable.

Moreover, the Bode plots are adopted to analyze the dynamic
response and robustness of the proposed controller. Applying
the bilinear transform in (24) yields

H(w) = Gez™'Gy|,_,

—4 @/ 2wl /2] B0
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Fig. 6. Bode plots of the proposed RPCC with disturbance estimation.
(a) h1 = 0.6,hy varied between —20 and O, step size of ho = 10 and
(b) hg = —10, h; varied between 0.4 and 0.8, step size of h; = 0.2.

Fig. 6(a) shows the Bode plots of (30) with h; = 0.6, hy
varied between —20 and 0. With the increase of hs, the system
cross-over frequency decreases, and likewise, the closed-loop
bandwidth decreases, but at the same time, the system gain and
phase margins increase accordingly. So there exists a tradeoff
between the dynamic response and stability margin.

Fig. 6(b) is the Bode plots of (30) with he = —10, hy varied
between 0.4 and 0.8. As h; increases, the cross-over frequency
changes slightly, while the gain and phase margins increase to
some extent. Thus, the stability of the proposed controller can
be enhanced by selecting larger i, . However, excessive h; leads
to high gain in high-frequency region, which indicates that the
system reduced its robustness to high-frequency interference.

Given all these above, the observer gain are selected as
hy = 0.6, hs = —10 here, which not only assures the stability,
but balances the dynamic response and robustness of the pro-
posed controller. By applying the selected h; and hs in (30), we
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Fig. 8.  Photograph of the IMs.

obtain that the system cross-over frequency is 2.94 x 103 rad/s,
and the gain and phase margins are 8.11 dB and 45°, respectively.

V. EXPERIMENTAL RESULTS

The discussed method has been assessed experimentally on a
test bench (see Fig. 7). The test setup is composed of:

1) Two IMs of the same model and rating (see Fig. 8), with
parameters given in Table II. One is used for testing the
proposed algorithm, while the other one is controlled by
the load supply system.

2) A rectifier and inverter set: The rectifier rectifies the input
alternating current into the direct current for the dc link,
while the inverter provides the alternating current for the
IM drive.

3) An ARM-based control board: A STM32F103 ARM
serves as the control core. The ARM is a 32-bit fixed-point
microcontroller with 72 MHz of maximum operating fre-
quency, 128 kB of on-chip flash, and 20 kB of SRAM.
Two-phase currents are measured for control. High-speed
A/D and D/A converters are used for data conversion.
The SVPWM is used to generate the inverter switching
signals. A linked computer realizes the proposed algo-
rithm and downloads the program to the ARM through
an online emulator. An oscilloscope monitors the control
variables.

The IFOC (see Fig. 2) is used as the basic control scheme. The
reference values of 7,4 and iy, are set by using synchronous ro-
tating reference frame. The symmetrical PWM strategy is used,
where the PWM switching frequency is 6 kHz. The PWM inter-
rupt period is 166.7 s to provide adequate execution time for
the essential algorithms. The gains of the proposed Luenberger
observer are selected as hy = 0.6 and hy = —10.
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A. Dynamic Performance Tests

First, as shown in Figs. 9 and 10, the dynamic performance
of the proposed scheme is directly compared with that of the
conventional PI controller [7], [28] under the same conditions.
Each figure shows i,q, s, and their reference iq ref, 4sq,ref; and
phase current ¢,, from top to bottom. Considering the dynamic
response and overshoot of the PI controller, the proportional
gain K, and the integral coefficient K; are selected as 13.5 and
0.40, respectively.

Fig. 9 shows the comparison of the two controllers against
step change of 7,4, in the amplitude from 2 to 6 A at
300 r/min. Both controllers achieve accurate tracking of 744
and 44, without overshoot and steady-state error. However, the
settling time of the proposed scheme is obviously shorter than
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Time(s)
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Response of the conventional RPCC under R¢ parameter mismatch.(a) 150 r/min, rated load, (b) 1500 r/min, rated load.
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Response of the proposed RPCC with disturbance estimation under R, parameter mismatch. (a) 150 r/min rated load and (b) 1500 r/min, rated load.

that of PI controller, which means that the dynamic response of
the proposed scheme is faster than that of PI controller.

Fig. 10 is the comparison of the two controllers against step
change of i, ;ct in the amplitude from 0 to 6 A. From 0 t0 0.25 s,
the machine is in speed close-loop control mode at 300 r/min. At
0.25 s, the speed loop is removed, and 74 ref 1S set to 6 A. Thus
the machine begins to speed up. As expected, the settling time
of the proposed scheme is shorter than that of the PI controller
during step change of i, .t, which further demonstrates the
superiority of the proposed scheme.

Second, as shown in Fig. 11, the experiments of speed in-
crease and speed reversal are performed to show the overall
performance of the proposed scheme. Fig. 11(a) is the response
of the speed increase from 0 to rated value under no-load state,
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Fig. 15.

and Fig. 11(b) is the response of the speed reversal at rated speed
under rated-load state. Notice that in Fig. 11(b), since the direc-
tion of load remains unchanged, the machine would turn from
motoring state to regenerating state during the speed reversal. It
can be seen from Fig. 11(a) and (b) that the machine operates
stably and reliably by using the proposed scheme during the
speed increase and the speed reversal.

B. Performance Tests Under Machine Parameter Mismatch

To verify the proposed scheme performance under machine
parameter mismatch, Figs. 12 to 17 show the contrast results
between the conventional RPCC [20] and the proposed scheme
at both low speed (150 r/min) and high speed (1500 r/min). The
stator resistance R, rotor resistance R, , and mutual inductance

Response of the proposed RPCC with disturbance estimation under R, parameter mismatch. (a) 150 r/min, rated load and (b) 1500 r/min, rated load.

L,, are chosen as the tested parameters. The sensitivity to each
parameter variation is tested online with four step parameter
changes: 50%, 100%, 200%, and 300% of the rated value. The
way of the test is that the machine parameters are changed in
the programming code of the current controller. The waveforms
of 744, isq and their references iq ref, %sq, ret, and phase current
1,, are separately given in each figure. Besides, the estimated
disturbance terms fsd and fsq are also given in Figs. 13, 15,
and 17.

Figs. 12 and 13 illustrate the responses of the conven-
tional RPCC and the proposed scheme under R, mismatch.
In Fig. 12(a) and (b), isq and i, especially 7,,, cannot accu-
rately trace their references under R, mismatch. Thus, the con-
ventional RPCC is sensitive to R, to some extent. In contrast,
1sq and i,, accurately trace their references with the proposed
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scheme in Fig. 13(a) and (b), where fsd and fsq compensate the
steady-state current error caused by R, mismatch.

Figs. 14 and 15 depict the responses of the conventional
RPCC and the proposed scheme under 2, mismatch. Simi-
lar to Fig. 12(a) and (b), the iy, in Fig. 14(a) and (b) cannot
track its reference either. By contrast in Fig. 15(a) and (b), both
1sq and 74, track their references accurately using the proposed
scheme.

Figs. 16 and 17 are the responses of the conventional RPCC
and the proposed scheme under L,, mismatch. As seen from
Fig. 16(a) and (b), there exists significant current inaccura-

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time(s)

(b)

Response of the proposed RPCC with disturbance estimation under L,,, parameter mismatch. (a) 150 r/min, rated load and (b) 1500 r/min, rated load.

cies in the conventional RPCC. Especially at high speed (see
Fig. 16(b)), when L,, is 50% of the rated value, i, is about
3.3 A smaller than its reference. When L,,, increases to 200%
of the rated value, the oscillation occurs in i,q and %y,, and
the oscillation becomes more severe as L,, increases to 300%
of the rated value. So the conventional RPCC is very sensitive
to L,,. When the proposed scheme is applied (see Fig. 17(a)
and (b)), the estimated fsd and qu modify the current con-
troller through feedforward compensation, which eliminates
the current inaccuracies caused by L,, mismatch. Thus, 744
and i, can quickly converge to their references with relatively
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small fluctuations, and the static-errorless current control is
achieved.

VI. CONCLUSION

The proposed RPCC with disturbance estimation can achieve
fast current response, which is of significant importance for
high-performance IFOC-based IM drives. The steady-state cur-
rent tracking error caused by parameter variations and other un-
modeled dynamics is eliminated by introducing the disturbance
term into the proposed observer and control law. The appro-
priate selection of the observer gain can balance the dynamic
response and robustness of the proposed controller.

The proposed scheme has been verified on an industrial IM
drive. Compared with the commonly used PI controller, the
proposed scheme shows its superiority in fast current response.
In addition, the proposed scheme presents strong robustness
in the case of resistances and inductance error ranging from
50% to 300% of the rated value, where the weakness of steady-
state current error of the conventional RPCC is successfully
overcome.
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