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A Robust Current Control Technique with a Simple Time Delayed Estimator
for a Permanent Magnet Synchronous Motor Drive
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ABSTRACT

A robust current control technique with a simple time delayed estimator for a permanent magnet synchronous
motor (PMSM) drive is presented. Among he various current control schemes for a voltage source inverter—fed
PMSM drive, the predictive control is known to give a superior performance. Thig control technique, however,
requires the full knowledge of machine parameters and operating conditions, and gives an unsatisfactory
response tnder the parameter mismatch hetween the motor and controller. To overcome such a limitation, the
disturbances caused by the parameter variations will be estimated by using a time delay control approach and
used [or the computation of the reference voltages by a simple feedforward control. The proposed control
scheme is immplemented on a PMSM using the software of DSP TMS320C30 and the effectiveness 1s verified
through the comparative simulations and experiments.
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1. Introduction for the cuwrrent controller arc the fasl dynamic

response during the transient state, lower current

The current control schemes for a voltage source npple in the stcady-state, stable PWM inverter
mverter-fed PMSM drive can be classifled as the operation, and robustness against the variations of
hysteresis  control, ramp comparison  control, machine parameters. The hysteresis cuwrent control
synchronous [rame proportional integral (P control, has the advantages such as a fast transient

.o 1-11 R . . . . .
and prediclive control™ The basic requirements response and a simple implementation. However,
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because of large current ervors and an Irregular
PWM inverter operation, this scheme cannot be used

4 The ramp

m a high performance drive system.
comparison current control scheme gives a constant
swilching frequency. However, there are

unavolidahle limitations such as a steady-state error

some

and a phase delay in the steady -state since this
controller is designed in the stationary reference
frame where P or PI controller can nol exactly
track the
overcome such a limitation, a synchronous frame I

sinusoidally  varying reference.”’  To
current regulator has been proposed.'m In the
synchronous frame PL  cwrent regulator, the
regulated currents are de quantities rather than the
variables as i the stationary reference framce. By
employing the PI control and cancellation mputs for
the back EMF and cross—coupling terms, this
control  gives an ideal steady-state
characteristics nrespective of operating  conditions.
However, the trausient response 18 generally slow or
may be degraded due to the inexact cancellation
input under the parameter variations. On the other
hand, in a predictive control scheme, the switching
mstants of the inverter switches are determined by
calculating the required voltage which forces the
motor currents to follow their references. With the
space vector FWM technigue, this control scheme is

control

known to provide the advantages such as a constant
switching frequency and a lower cuwrent ripple.m'ﬂ
This scheme, however, requires the full knowledge
ol machine parameters and operating conditions with
the sufficient accuracy, and gives an unsatisfactory
response under the parameter mismatch between the
motor and controller. Generally, it is very dilficult to
exactly obtain the informations on the machine
parameters since they may vary during operation
due to the changes in the temperature, current level,
and operating frequency. In  particular, the
maccuracy of the back EMF influences primarily on
the control performance. To overcome such a
problem, a current control scheme mdependent of
the back EMF variation has been proposed.w The
basic assumption i1s that the back EMF 1s constant
between cach sampling mstant, Based on this, the

back EMF has been estimated by
feedback of the delaved input voltages and currents
m a

using  the

discrete  domain. Thus, a vobust control
performance against the back EMF variation can be
obtammed. This scheme still, however, requires other
motor parameters such as the stator resistance and
stator inductance, and furthermore, the experimental
verification has not been proved. Recently, a
multivariable  state feedback control with an
integrator[‘g] and a generalized predictive control™
have been reported. Although a good performance
can be obtained, the controller design is quite
complex.

In recent vears, time delay control schemes have
becn suggested as an effeclive way for a control of
systems with unknown dynamics and uncertainties
since these schemes require little a prion knowledge
of the dynamics of the system 2731 The basic idea
1s to approximate a distwbance or uncertanty with
the time-delayed value of inputs  and
derivatives of state vanables at the previous time
step. This algorithm does not require an explicil
dynamic model nor does it depend on the estimation
of specific parameters. Instead, it uses informations

control

In the past to directly estimate the unknown
dynamics or uncertainties at any given instant
through the time delay w2l

This paper presents a robust cwrent control
techmique with a simple time delayed estimator for a
PMSM  dnve.  Although the predictive control
provides an ideal response and a stable performance
independent  of the operating
steadyv-state response may be degraded under the

condition, its

motor parameter variations such as the [lux linkage,
stator inductance, and stator resistance. This is
more serjous at high speed operations since the
distwbance is proportional to the product of the
operating speed and these parameters. To overcome
this drawback, the disturbance caused by the
parameter varations will be estimated by using a
time delay control approach and used for the
calculation of the voltages by a
feedforward control. Thus, the steady-state control
performance can be significantly improved, while

reference
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retaining the good characteristics of the predictive
control. Since the disturbance compensation can be
accomplished in an extremely simple manner, an
improved  robustness  against  the  parameter
variations can be obtained without requiring a much
mote complex controller design such as the methods
in ®¥ The whole control system is implemented
by the software of DSIPP TMS320C30 for a PMSM
dnven by a three-phase voltage fed PWM inverter.

2. Modeling of PMSM

The stator voltage equations of a PMSM in the
synchronously rotating reference [rame are described
as follows

V™ Rty Lbla.s"_ Lw,ig+ A0, (1

V= Rsl-,i; -+ Lé Zd.s - LSCU 7'iq.s (2)

where R, is the stator resistance, L, is the
stalor inductance, », is the electrical rotor angular
velocity, and A,, is the flux linkage established by
the permanent magnet. From (1) and (2), the
discrete~time equation can be obtained as follows:

L, . .
yqs(k) = Rsz.qs(k) + _'f[ qu(k_‘" - qu( k)]
+Lwi R+ A0, (3)

: L. .
va(R) = Ry (k) + T [i(E+1)~in(B)]
- st riqs( k) (4)
where T is a sampling period. Using the nominal

parameters, (3) and (4) can be rewritten as follows:

L L 1) — ()]

+ Low,igl B) + A+ £( ) (&)

U B) = Ri (k) +

0a(B= R B+ 2 LBt 1) — ()]
— Low,i (k) + f k) ®)
where f,(k) and £k represent the disturbances
caused by the parameter variatons. These can be

expressed as

F(D= AR o)+ i 1) = i)

+ AL w i (k) + AN w, (7

. 4L, .. .
fd(k) = ARSZHL(}B) + '_:]T[ Z%(k’f' 1) - ng(k)]
— AL @7,k &
WheredRs:Rs_]P:WAL:=L¢_LMA/1M=Am_Am.o

and subscript ", denotes the nominal value.

3. Disturbance Estimation Using Time
Delay Control Approach

In the time dclay control, in order to obtain
the estimates for the disturbances f/(# and

7£® in the continuous-time domain, it is
considered that the values of /(8 and f/(d at
the present time ¢ are very close to those at
time ¢—rin the past for a small time delay ¢

as follows ">
D=7 t=12 ©)
fAD=fLt—1) (10)

In the discrete-time domain, (9) and (10) can be
expressed as follows:

FR=f(E—L) (11)
FAR =fk—1L) (12)

where r=LTand L is a positive inieger. By
approximating the disturbances at the present time
k with those of (k-L)-th time step and using (5)
and (6), the simple estimates for the disturbances
can be derived as follows:

FoRD k= L) =v,(k— L)~ Ryi(k—L)

B b L+ 1)~ ik D))
— Lo dg(k~ L) = A0, (13)
TR =F k= L)=v4(k— L) — Ryia(k— L)
— Lo - L+ D= ik 1]
+ Lyw,i,(k— L) (14)

Eatls

where the symbol denotes  the estimated
quantities. Although the unknown disturbances can
be simply estimated, this technique has some
limitation. Since the numerical differentiation of the
measured current 1s needed for the estimation of

disturbances  7,(#) and 7,(k), the high frequency
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noise in stator currents may be amplified A low
pass filter is employed to reduce this noise. This is
done In a digital manner within DSP. A simple first
order low pass filter can be expressed in the
continuous-time domain as follows:

G(s)=

s+ p (15)

where a denotes the cut-off frequency of the filter. For
the digital implementation, (15) is discretized using the
bilinear transform method where the Laplace operator s is
replaced as [ollows[14]:

2 1—2""
T 1+2z71
By substituting (16) into (15), the discrcte-time transfer
[unction can be obtained as follows:

?(//(2) — CZT(1+Z_1)
F(a  @Ct+aeD—@2—aDiz™’
Using (17), the filtered cstimate for the q-axis
disturbance ¢an be oblained in a difference equation as
lollows:

o= (16)

G(z)= amn

fq/(k) 2_1 T 7@]('1? J-)

t3 m:r[ T+ 7, (k=11 (18)

Similarly, the filicred estimate for the d-axis
disturbance can be obtained as follows:

Fu=-359L (k=1

+ B+ k= 19)
2L B0+ G=D]
Ay (& - L)
(k) h‘ ‘ LN Y :( .
") t T e
||
1 |
(k) »l ‘ ¥ ‘L"mr(k—l.)\ , i
| v Ll . | v
»‘ =t ‘ ) L 7‘;“ ! lo:;:iszﬁll;er . -f:«r )
b‘ " i p‘ L, \‘ (2+aT)=(2~al:z" (A
) T4 T ' R
L b ] i ii_"m,(k-l.)i !
[ ‘ ‘
_ _ .
v et e 4 it

Frg. 1 Disturbance estimation using time delay control

Fig. 1 shows the proposed disturbance estirnation
scheme using the time delay control. The measured
currents and voltages are delayed by 1 step and
these delayed signals are used for the estimation of

disturbances. Since this can he accomplished by
only using the time delay of L step, some
calculations, and low pass [ilter. the computational
load for the controller is negligibly small.

4. Current Control with Feedforward
Didturbance Compensation

The steady-state control performance of the
predictive  current  control can  be  sigrificantly
improved through the use of a disturbance
compensation technique, while retaining its good
dynamic performance. By employing the estimated
disturbances 7,(#) and Fuk) for a feedforward
control and using the conventional predictive control,
the reference wvoltages in the proposed control
scheme are calculated as follows:

* . Lm -F -
V(B = Ryi, (k) + 7 Lig(k+1) =i (A)]

+ Lo, (R) ig(B) + Ao (B) + Fi(B) (0

V) = Ruia() + 2150+ 1) = i)
Lsamr(k) i(/s(k) + }d/‘(/?) (21)

LI

where the symhbol "*
quaniities. Then, the reference
composed of the conventional predictive control part
and disturbance compensation part.

The steady-state performance due to tihe
mnaccuracy of the machine parameters can be
obtained from the reference voltages and the
discrete-time voltage equations in (5) and (6). In the
case of the predictive control without a feedforward
compensation, the g-axis and d-axis current errors
at the (k+1)-th sampling instant can be derived
from the reference voltages and the discrete-time
voltage eguations as follows:

denotes the reference
voltages are

Tt 1)~ 1, (k+ 1) = (22)
ikt D) = il D=~ 74B) @)

Clearly, the steady-state errors are proporlional to
the magnitude of disturbances which is the function
of an operating speed and a load condition. The
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steady-state gq-axis and d-axis current errors of the
predictive control at the (k+1)-th sampling mnstant
due to the inaccuracy of the individual machine
parameters are summarized in Table 1. On the other
hand, the steady-state errors of the proposed control
scheme at the (k+l)-th sampling instant can be
obtained as follows:

Gy B+ 1) — i, (bt 1)—

e LA (24)

falk+ 1) —ig(k+ )= L oiw (25)

where

e (B =7F B — 7,(h), el ) =FLR) — T5(h).
Unlike the conventional predictive control, the
current ervors of the proposed scheme are proportiov
-nal to the cstimation error of the disturbances.

Table 1 Sleady-state current errors of predictive control dug
1o the inaccuracy of Individual machine paraneters

D=1, G D) 1y (k+Ti—1,(k+1)
AR, AR (T/L, )i () AR (T, (0)
] O T D 0] | L LW+ D - 1, (0]
L +AL(TYL, Yoo, (61, () - AL(T/ LYo, (o), (0)
an, A (TE, e, () 0

5. Configurations of the Overall System

The overall block diagram for the proposed control
scheme i1s shown in Fig. 2. The overall system
consists of a proposed current controller, a time
delayed disturbance estimator, a PWM inverter, and
a PMSM. For the current control algorithm, the
feedforward
disturbance compensation 1s used. During the

predictive control with a simple

operations, the disturbances caused by the parameter
variations are estimated by using the time delay
control approach. The computed reference voltages
are applied to a PMSM using the space vector
PWM technique U9 Based on this, the feedback
voltage for the disturbance estimation can be easily
obtained from the switching states of the inverter
and de link voltage by considering the dead time of
the switch.

-
no »( e I Lt [ ’» apace ‘ Yy b
41T T T e yastor Y W EMSM |- 4=
8] [t Uefrwm L |
i wl |k, | 3/7 1372
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L [3 fo—

Fig. 2 Overall block diagram for the proposed current
control scheme
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Fig. 3 Configuration of experimental system

The configuration of the expenimental system is
shown in Fig. 3. The whole control algorithms are
implemented by the assembly language program
using DSP TMS5320C30 "6 The sampling period 1s
set to 128 [sec], which vields a switching frequency
of 7.8 kHz. The PMSM is driven by a three—phase
PWM ijuverter employing the intelligent power
module (IPM). The nominal parameters of a PMSM
are listed in Table 2.

Table 2 Specifications of a PMSM

Raled power 400w
Ratad torque 1274 M
Magneric flux 016 Wb

Rated speed 3000 rpm
Mumber ofpoles 4
Stator resistance 3.0 0)

Stator mductance SmH Moment ol mertia 1 54%107 Nm s?

5. Simulations and Experimental Results

Fig. 4 shows the simulation results for the
steady-state under the
_0-5/“'10: ALE 1-0Lsa

and 4R=1.0R,). The g¢-axis and d-axis current

proposed  scheme  at

parameter varations ( 44,7

references are given as 2 [A]l and zero, respectively,
and the motor is operated at a constant speed of
1200 [rpm]. Fig. 4(a) shows the g-axis and d-axis
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current responses. Fig. 4(b) shows the a—phase
current at each sampling instant. Even though the
predictive control gives an ideal characteristics for
the nominal parameter values, the steady-state
crrors  are observed in the g-axis and d-axis
current responses under the parameter mismatch.
Also, it can be shown that a phase delay exisls in
the phase current response. This degradation is
expected to he more severc at high speed operations
because the magnitude of the disturbances is
proportional to an operating speed. However, as
soon as the estimation algorithm starts at 25 [msec]
and the estimated disturbances are used for a
[eedforward control, the steady-state current errors
and phase delay are quickly removed within 3
[msec]. This can be explained by the estimation of
the disturbance voltages as shown in Fig. 4(c). For
the design of the time-delayed disturbance
estimator, L=1 is chosen. Also for the cut-off
frequency of the low pass filter, a=2000 is selected,
which corresponds to the cut-off frequency of 318
Hz. Since the maximum electrical frequency of the
PMSM is 100 Hz and the inverter switching
frequency of 7.8 kHz is used, the high frequency
noise caused by inverter switching can be well
suppressed without affecting any influences on the
fundammental current component. The corresponding
a-phase current response and the current trajectory
in the complex plane are shown in Fig. 4(d) and
Fig. 4(e), respectively.
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Fig. 4 Control performance of the proposed control scheme
at steady-state under the parameter variations

Fig. 5 shows the comparison of the transient
response for the gphase cumrent. For the
performance comparison with the proposed control
scheme, the PI control scheme with the back EMF
and cross—coupling compensation is used. The
bandwidth of the PI control is selected as 4500
[rad/sec], and the same parameter variations as Fig.
4 are assumed, As can be shown in this figure, the
proposed control scheme gives a faster transient
response and smaller overshoot than PI  control
under the parameter variation.
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(a) PI control with the back EMF and
cross-coup!ing compensat ron



146 LT8G @motd $56 H29 20005 440

without variation

with varialion

L4 e = m oW s

L T

— - e J——

0 h 2 4 G . & 10 1] 2 Ll [} 8 1_0
time [msec) lime [msec]

(b) proposed control scheme

Fig. 5 Comparison of transient response for a-phase current
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Fig. 6 Control performance of the proposed current control
schieme at steady-state under 42,70.94,,

Fig.. 6 shows the experimental results for the
proposed current control scheme under A4A,=—-05
Ao Similarly, the g-axis and d-axis curent
references are given as 2 [A] and zero, respectively.
Also, the experiments are carried out as the same
as the simuation conditions. Before the estimation
algorithm starts, a steady-state error of 06 [A] is
observed in the g-axis current response. However,
this steady-state error is removed within 3 [msec]
as soon as the estimation algorithm starts. The
corresponding a-phase current and the estimated
disturbances are shown in Fig. 6(h).
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Fig. 7 Control performance of the proposed current control
scheme al steady-state under 44,70.54,,

Fig. 7 shows the control performance of the
proposed scheme under 44,705 4,,. Unlike Fig. 6,
since the magnilude of the flux linkage 1s larger in
a real motor than that in a coniroller, the g-axis
current is smaller than its reference (7,(k) =16
[A]). However, even under this circumstance, the
current is well regulated to its reference as the
estimation algorithm  starts. The corresponding
a-phase current and estimating performance are
shown In Fig. 7(b).

Fig. 8 shows the control performance of the
proposed control scheme under ALA08 L, . Before

the estimation algorithm starts, the phase delay
between the reference and measured value is clearly
present as can be seen in Fig. 8(a). Also as can be
shown in Fig. 8(h), some d-axis current exists (0.5
[A]), which degrades the performance of the
maximum  torque operation. However, as the
estimation algorithm starts, the d-axis current is
well regulated to zero and the phase delay is
effectively rtemoved even under such a large
variation of L.
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Fig. 8 Control performance of the proposed current
control scheme under AL=0.8 L,

Figs. 9 and 10 show the current responses at
starting under 44,=-05A,,.. In the conventional

predictive control, the g-axis current error becomes
larger since the magnitude of the disturbances is
increased as the rotor speed is increased. However,
by the effective disturbance estimation, the g-axis
current is well controlled to its reference in the
proposed scheme.
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Fig. 9 Convenlional predictive current control at
starting under 4A,=0.54,,
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Fig. 10 Proposed current control scheme at stariing
under AA,=-0.524,,

6. Conclusions

A robust current control technique with a simple
time delayed estimator for a PMSM drive is
presented. Although the predictive control provides
an 1deal response and a stable performance, its
sleady-state response may be degraded under the
parameter  variations or inexact motor
modeling. This is more serious at high speed
regions. Even though this problem may be dealt
with the conventional approaches, they require a
quite complex controller design. To overcome this
limitation, the disturbances caused by the parameter
variations are estimated by using a time delay
control approach and the estimated disturbances are
used for a feedforward control. The design
procedures are straghtforward and the current
control performance is not affected by the variations
of the motor parameters and operating conditions.
The whole control system is implemented using the
soltware of DSP TMS320C30 for a PMSM driven
by a three—phase voltage-fed PWM inverter and the
eflfectiveness is wverified through the comparative
simulations and experiments. As a result, the
current  control performance can be significantly
improved in an extremely simple mianner.

motor
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