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A Simple and Robust Digital Current Control
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Abstract

A simple and robust digital current control technique for a permanent magnet (PM) synchronous motor under the parameter
variations is presented. Among the various current control schemes for an inverter-fed PM synchronous motor drive, the
predictive control is known to give a superior performance. This scheme, however, requires the full knowledge of machine
parameters and operating conditions, and cannot give a satisfactory response under the parameter mismatch. To overcome such
a limitation, the disturbances caused by the parameter variations will be estimated by using a disturbance observer theory and
used for the computation of the reference voltages by a feedforward control. Thus, the steady-state control performance can
be significantly improved with a relatively simple control algorithm, while retaining the good characteristics of the predictive
control. The proposed control scheme is implemented on a PM synchronous motor using the software of DSP TMS320C30 and
the effectiveness is verified through the comparative simulations and experiments.

I. Introduction

PM synchronous motors have been gradually replacing DC
motors in a wide range of drive applications such as machine
tools and industrial robots. The advantage of using a PM
synchronous motor is that many drawbacks caused by the
brushes and commutators of a DC motor can be eliminated.
Furthermore, the PM synchronous motor has the high power
density, large torque to inertia ratio, and high efficiency as
compared with a DC motor having the same output rating [1],
[2]. The PM synchronous motor, however, has the nonlinear
characteristics and inherent coupling problem. Therefore, to
directly control the developed torque, the field-oriented
control is usually employed. In the high performance
field-oriented control system, the torque and flux producing
components of the stator current are decoupled so that the
independent torque and flux controls are possible as in DC
motors. Thus, a high quality current control is essential for
the successful implementation of the field-oriented control
since the current controller has a direct influence on the drive
performance [3], [4].
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The current control schemes for an inverter-fed PM
synchronous motor drive can be classified as the hysteresis
control, ramp comparison control, synchronous frame
proportional-integral (PI) control, and predictive control
[41-[11]. The basic requirements for the current controller are
the fast dynamic response during the transient state, lower
current ripple in the steady-state, stable PWM inverter
operation, and robustness against the variations of machine
parameters. The hysteresis current control has the advantages
such as a fast transient response and a simple implementation.
However, because of large current errors and an irregular
PWM inverter operation, this scheme cannot be used in a
high performance drive system [4]. The ramp comparison
current control scheme gives a constant switching frequency.
However, there are some unavoidable limitations such as a
steady-state error and a phase delay in the steady-state since
this controller is designed in the stationary reference frame
where P or PI controller can not exactly track the sinusoidally
varying reference [4]. To overcome such a limitation, a
synchronous frame PI current regulator has been proposed
{5]. In the synchronous frame PI current regulator, the
regulated currents are dc quantities rather than the variables

as in the stationary reference frame. By employing the PI

control and cancellation inputs for the back EMF and
cross-coupling terms, this control gives an ideal steady-state
control characteristics irrespective of operating conditions.
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However, the transient response is 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 instants of the inverter switches
are determined by calculating the required voltage which
forces the motor currents to follow their references. With the
space vector PWM technique, this control scheme is known
to provide the advantages such as a constant switching
frequency and a lower current ripple [6], [7]. This scheme,
however, requires the full knowledge of machine parameters
and operating conditions with the sufficient accuracy, and
cannot give a satisfactory response under the parameter
mismatch. Generally, it is very difficult 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
inaccuracy of the back EMF influences primarily on the
control performance. To overcome such a problem, a current
control scheme independent of the back EMF variation has
been proposed [8], [9]. The basic assumption is that the back
EMF is constant between each sampling instant. Based on
this, the back EMF has been estimated by using the feedback
of the delayed input voltages and currents in a discrete
domain. Thus, a robust control performance against the back
EMF variation can be obtained. This scheme still, however,
requires other motor parameters such as the stator resistance
and stator inductance, and also unstable regions may exist
under a certain variation of the stator inductance. Recently, a
multivariable state feedback control with an integrator [10]
and a generalized predictive control [11] have been reported.
Although a good performance can be obtained, the controller
design is quite complex. In view of the robustness against a
certain disturbance, it is well known that the use of a
disturbance observer is very effective. Though the disturbance
is not a state, the conventional observer can be easily
extended under the assumption that an unknown disturbance
is a constant during-each sampling interval [12]-[15].

This paper presents a simple and robust digital current
control technique for a PM synchronous motor under the
parameter variations. Although the predictive control provides
an ideal response and a stable performance independent of the
operating condition, its steady-state response may be degraded
under the motor parameter variations such as the flux linkage,
stator inductance, and stator resistance. This is more serious
at high speed operations since the disturbance is proportional
to the product of the operating speed and these parameters.

To overcome this drawback, the disturbance voltages
caused by the parameter variations will be estimated by using
a disturbance observer and used for the calculation of the
reference voltages by a feedforward control. Thus, the
steady-state control performance can be significantly
improved, while retaining the good characteristics of the
predictive control. Since the reduced-order observer is used

for the disturbance estimation, the observer design is
considerably simple. As a result, an improved robustness
against the parameter variations can be obtained without
requiring a much more complex controller design such as the
methods in [8], [10]. The whole control processing is
implemented by the software of DSP TMS320C30 for a PM
synchronous motor driven by a three-phase voltage-fed PWM
inverter.

II. Modeling of PM Synchronous Motor

A PM synchronous motor considered in this paper consists
of permanent magnets mounted on the rotor surface and three
phase stator windings which are sinusoidally distributed and
displaced by 120° . The stator voltage equations of a PM
synchronous motor in the synchronous reference frame are
described as follows [1]:

V= Ryig+ Ly i+ Law,ig+ A0, @)
vdngsids+ Ls l,.d;_Ls(l),l.qs (2)

where R, is the stator resistance, L, is the stator
inductance, w, is the electrical rotor angular velocity, and 4,

is the flux linkage established by the permanent magnet.
From (1) and (2), the discrete-time equation can be obtained
as follows:

0B = Rl D+ S it ) = i B+ Laia( D+ A, 3)

Uds(k) = Rslds(k) + —Lj_f[ idx(k‘l‘ 1) - ld;(k)] - strias(k) (4)

where T is a éampling period. Using the nominal
parameters, (3) and (4) can be rewritten as follows:
' . L. . .
vqs(k) = Rsolqs(k) + T [ qu(k+ 1) - qu(k)] (5)
+ Low,igl k) + A0, + F(B)

Z)az's( k) = Rsolzis(k) + inu [lds(k+ 1) - zds(k)] - Lsowriqs(k) +fd(k)(6)

where f(k and f(k) represent the disturbances caused
by the parameter variations. These can be expressed as

SR = AR B+ 22 Lig(h+ 1)~ if(B)] o
+ AL w,ig(R) + dA 0,

FAB= ARG a(R) + 225 Ui+ D = ial D1 = AL inB) @)

where AR, =R,— Ry, AL;=L,— Ly, AAp=Apn— Ay,
and subscript “o” denotes the nominal value. Using 7,(%) and

is(#) as the state variables, the discrete-time state equation
of a PM synchronous motor can be expressed as follows:
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The effective approach to improve the steady-state response
with a simple control algorithm is to employ a disturbance
observer technique, It is noted that the unknown disturbances
f(k and f[k) defined in (7) and (8) are not the state
variables but the disturbances caused by the parameter
variations. The conventional observer can be easily extended
to estimate these disturbances. If the observer has. a
sufficiently fast dynamics as compared with the time variation
of these disturbances, it can be assumed that the variations of
f(k) and f(k) are nearly zero during each sampling interval
as follows [12]-[15]:

flk+1)=7(R) (10)

T+ 1)=fLk). an

Under this assumption, 7,(k) and f(#k) can be regarded as
the additional state variables. Then, from the discrete-time
state equation in (9), and the additional two state variables in
(10) and (11), the augmented state equation is given as
follows:

( x(k+ 1)) =( Ay AIZ) . ( xa(k))+( B;) vs(k)-l-( dl)

xb(k+ 1) A21 Azz xb(k) B dg
=Ax(B)+Bo(B+d (12)
v — | ¥k
R qm& (3)

where x(B)= [ i(B) ialB] T
x(B=[f (B FARIT
(B = [ v B valDT

Ry _
Ay= 1 LsoT o T ’A12=_—L_7;,.I’A21=OaAzz=I

Rso
w,T I_L—wT

e[} a3
0
(11 (39 o-(2)

The observability matrix of the system in (12) and (13)
becomes as follows:

w=[ cT ATcT - (aD"'cT]. (14).

Since the rank of a matrix W is 4, the full state vector

is completely observable. However, the system states are

decomposed of the state variables that can be directly

measurable and unmeasurable states. To simply estimate these

unmeasurable states, a reduced-order observer can be used as
follows: '

fcb(k+.1) =(Ap—LAp) x,(B) + Apx (B + Bk + dy
+L[xa(k+ 1)—Aux,,(k)—Blvs(k)—d1] (15)

where the symbol “*” denotes the estimated quantities and
L is an observer gain matrix defined as

(4 4
L (13 14). (16)
Since the measured value of x,(k+1) is needed to

estimate x,(k+1), a new state variable is defined as follows
[16]:

2 (B= xs(B)— LB = %y (k) — Lx (k). a7

In terms of this state x.k), the observer for the
disturbance estimation is given as follows:

xk+1)=(Ap—LAy) x,(B+dy— Ld, a8)
+ (AZI - LAu)xa(k) + (Bg - LBl)l)s(k)

%5 (B =x(B) + Lx (). (19)

" Fig. 1 shows the configuration of the reduced-order observer

for the disturbance estimation. If the estimation error is
chosen as

e(k)sz(k)_ ;V\b(k) (20)

then the error dynamics of the observer can be expressed as
follows:

(k+1)=(Ap—LAy) - o(B). el

dl_ul

Fig. 1. Reduced-order observer for the disturbance estimation

The dynamic characteristics of the observer can be
determined by the eigenvalues of the matrix (Ay,— LA,
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which can be obtained by the characteristics equation as
follows!

b+l
del2l—(Ay— LAp)| = 2 —(2+ At T) 22)
Lt hly=—bly 5\ _
1A e T)—O

The selection of the observer poles requires a compromise
between thé rapidity of the response and the sensitivity to the
measurement noise. The poles of the observer in the
continuous-time domain, —g+j8 can be transferred to the
discrete-time domain through the transformation of z= ¢™

as follows:

txin= e “T(cos AT+ jsin AT). 23)

Thus; if the observer poles in the continuous-time domain
is determined, the pole locations in z-domain, and thus, the
observer gains can be easily obtained by the pole placement
technique.

IV. Current Control with Simple
Feedforward Disturbance
Compensation Scheme

In the nominal conditions of f (B =7 k=0, the
predictive control provides an ideal response irrespective of
operating conditions. However, the motor parameters may
vary during the operation. Also, the exact modeling is
generaliy very difficult. In these circumstances, (%) and
fA{ k) are the functions of the operating speed and current.
The influences of such disturbances on the current control
performance are more serious at high speed operations under
the variations of the flux linkage and stator inductance.
The steady-state control performance of the predictive
current control can be significantly improved through the use
of a disturbance compensation technique, while retaining its
good dynamic perforniance. By employing the estimated
disturbances  F,(k) and 7,(k) for a feedforward control and
replacing 7, (k+1) and ;,(k+1) with their references in (9),

the reference voltages in the proposed control scheme are
calculated as follows:

vqs(k) Rwlqs(k) + Lo [qu(k+ 1) - qu(k)] (24)
+ Lsowr(k) lds(k) + Amwr(k) + ?q (k)

V(D= Raig(R)+ S0 L5k D)= ig(B) 25
Lsow,(k) ias(k) + ?d(k)

where the symbol “*” denotes the reference quantities.
Then, the reference voltages are composed of the conven-
tional predictive control part and disturbance compensation
part.

The steady-state performance due to the inaccuracy of the
machine parameters can be obtained from the Teference
voltages and the discrete-time voltage equations in (5) and
(6). The calculated reference voltages are applied to a PM
synchronous motor through the PWM technique. For the
simplification of analysis, it is reasonable to assume that the
reference voltages are applied to the terminals of the motor
without any loss and deformation in the PWM inverter, i.e.,
V(B =0, and v4(k)=v, Under this assumption, the
steady-state current errors can be analytically obtained. When
the conventional predictive control is used without a
feedforward compensation of 7,(# and 7,(k), 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 equations as follows:

ikt D) = i+ 1) = £,(B (26)
ik D) = il 1) =~ £, @

Clearly, the steady-state errors are proportional to the
magnitude of disturbances which is the function of an
operating speed and a load condition. The steady-state g-axis
and d-axis current errors of the predictive control at the
(k+1)-th sampling instant due to the inaccuracy of the
individual machine parameters are summarized in Table I. On
the contrary, the steady-state current errors of the proposed
control scheme at the (k+1)-th sampling instant can be
obtained from the reference voltages and the discrete-time
voltage equations as follows:

ikt D) = ikt 1) == e (B 28)
itk D =gt D) == e dR) 29)

where e(k)= [e, (k) efk)]7 . Unlike the conventional
predictive control, where the steady-state current errors are
dependent on the magnitude of the disturbances, the current
errors of the proposed control scheme are proportional to the
estimation error of the disturbances. Thus, as the estimated
disturbances converge to their real values, the steady-state
current errors will be removed.

Table 1. Steady-state current errors of the predictive control
due to the inaccuracy of the individual machine

parameters
Tkt 1) =i (F+1D) ikt 1) — i (kt+1)
4R, AR( ),,s(k) AR( )zds(k)
( ’)[iqs(k+1)—ias(k)] ( s)[idg(k+1)—ids(k)]
4L,
+AL( 7;) 0 (Big(h) AL( 7;) BB
L, Ao Yo 0
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V. Configurations of the Overall Systems

The overall block diagram for the proposed control scheme
is shown in Fig. 2. The overall system consists of a proposed
current controller, a disturbance observer, a PWM inverter,
and a PM synchronous motor. In this figure, the shaded area
represents the observer for the disturbance voltage estimation.
For the current control algorithm, the predictive control with
a feedforward disturbance compensation is used. By using
this technique, the reference voltages are composed of the
predictive control part and disturbance compensation part.

During the operations, the disturbances caused by the

parameter variations are estimated by using a reduced-order
disturbance observer and used for the feedforward control.

i b bl""z_ RN »_*’:'vi i vf,b space i v e
" +a | T ++}/ ++\f ” s v, veelor T» PMSM o »
i 2] [o. PPl
5 E .
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+t i a4, < d,-Ld,

disturbance observer

Fig. 2. Overall block diagram for the proposed current
control scheme ’
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Fig. 3. Computation of the conduction periods

The computed reference voltage vector v;(k) is applied to
a PM synchronous motor using the space vector PWM
technique [17]. Based on this technique, the conduction
periods of the inverter switches are modulated according to
‘the, amplitude and angle of the reference voltage vector to
obtain the average voltage equal to the reference. Fig. 3(a)
shows the voltage space vectors and the corresponding
“switching states in a three-phase PWM inverter. Fig. 3(b)
shows the computation example of the space vector PWM
technique. In this figure, the time durations of V;, V;, and
the zero voltage vector are given by

tA=\/_3JI7”5—L sin(60° — &+ T 30)

DC

tgzx/_s—'I—j’—sL sing- T (31
DC

where Vj is a dc link voltage. Also |v| and ¢ are
given as
|vf] =V vt + v
8= 6,— tan ‘1(”—%)
Vgs
where ¢, is the electrical rotor angular position. It has
been shown that during the large transient periods such as a
starting and a sudden load change, the average voltage equal
to v, cannot be produced since v is too large to be
synthesized in one switching period. To approximate the

average voltage to the reference under such a condition, the
time durations of the inverter switches are simply adjusted as

follows [18]: ¢ _
L ta
1= s T 33)
L._- ts ‘
tg = Iitin T (34)
t; =0. 35)

Based on this, the feedback voltage for the observer can be
easily obtained from the switching states of the inverter and
dc link voltage by considering the dead time of the switch.

The configuration of the experimental system is shown in
Fig. 4. The whole control algorithms are implemented by the
assembly language program using DSP TMS320C30 with a
clock frequency of 32 MHz [19], [20]. The sampling period
is set to 128 [ usec] both in the simulations and experiments,
which yields a-switching frequency of 7.8 kHz. The PM
synchronous motor is driven by a three-phase PWM inverter
employing the intelligent power module (IPM). The rotor
speed and absolute rotor position are detected through a 12
bit/frev resolver-to-digital converter (RDC) using a brushless
resolver. The phase currents are detected by the Hall-effect
devices and are converted through two 12 bit A/D converters,
where the resolution of current is 8/2!' [A]. The detected
phase currents are transformed to dg values in a DSP using
the rotor position. The nominal parameters of a PM
synchronous motor are listed in Table IL

Table 2. Specifications of a PM synchronous motor

Rated power 400 W Rated speed 3000 rpm

Rated torque 1274 Nm | Number of poles 4

Magnetic flux 0.16 Wb Stator resistance 30 0
Stator 5 mH Moment of inertia | 1.54 X 10”*Nm
inductance x - §?
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Fig. 4. Configuration of experimental system

V]I, Simulations and Experimental
Results

In this section, the simulations and experimental results are
presented to verify the feasibility of the proposed control
scheme under the various conditions. For the performance
comparisons with the proposed control scheme, the predictive
current control is employed.

(ar 3 ,
/lq‘(k)
2—————— ai———\v__—-—
i
o
1
i (k
ol— e
BN v
I.I\
4 I 1 | !
0 10 20 30 40 50
time Jinsec|
(a) g-axis and d-axis current responscs
tal 3

3 1 1 1 I
0 10 20 30 40 50

time [msec|

(b) a-phase current at sampling instant

Fig. 5. Control performance of the proposed current control
scheme at steady-state under the parameter variations
(An=—=0.5Ap> AL, =1.0Ly, and 4R,=1.0R,)
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Fig. 5. (Continued)

Fig. 5 shows the simulation results for the proposed control
scheme at steady-state under the parameter variations
(43,,==0.54,, AdL,=1.0L,, and JR,=1.0R.). The
g-axis and d-axis current references are. given as 2 [A] and
zero, respectively, and the motor is operated at a constant
speed of 1200 [rpm]. Fig. 5(a) shows the g-axis and d-axis
current responses. Fig. 5(b) shows the a-phase current at each
sampling instant. Even though the predictive control gives an

‘ideal characteristics for the nominal parameter values

(f (B =FLk)=0), the steady-state errors are observed in the

g-axis and d-axis current responses under the parameter
mismatch. Also, it can be shown that a phase delay exists in
the phase current response. This degradation is expected to be
more severe 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
feedforward control, the steady-state current error and phase
delay are quickly removed within 5 [msec]. This can be
explained by the estimation of the disturbance voltages as
shown in Fig. 5(c). For the design of the observer gain L,
a= =800 is chosen. The corresponding z-domain observer
poles are determined using (23) as ¢=+;7=0.898 +;0.0923.
Thus, using (22) and the pole placement technique, L can be
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obtained as follows:

—{ —3.984 —3.601
L_( 3.601 —3.984)'

The corresponding a-phase current response is shown in
Fig. 5(d). Also the current trajectory in the complex plane is
shown in Fig. 5(¢). It can be clearly shown that the influence
of the disturbances due to the parameter variations can be
effectively suppressed by using the proposed control scheme.

Fig. 6 shows the experimental results for the proposed
current control scheme under 43,,=—0.54,,. Similarly, the
g-axis and d-axis current references are given as 2 [A] and
zero, respectively. Also, the observer gains are selected as the
same as the simulation conditions. Before the estimation
algorithm starts, a steady-state error of 0.7 [A] is observed in
the g-axis current response. However, this steady-state error
is removed within 4 [msec] as soon as the estimation
algorithm starts and the estimated values are used for the
feedforward control. The corresponding a-phase current and
the estifnating performance of the observer are shown in Fig.

6(b).
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(a) ¢-axis current and a-phase current at sampling instant
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EO) a-phase current and estimated disturbances

Fig. 6. Control performance of the proposed current control
scheme at steady-state under 42,,=-0.51,,

Figs. 7 and 8 show the current responses under
4L,=0.8L, In the conventional predictive control, the
phase delay between the reference and measured value is
clearly present as can be seen in Fig. 7. Also, some d-axis
current exists (0.5 [A]), which degrades the performance of -
the maximum torque operation. In the proposed scheme,
however, the d-axis current is well regulated to zero and the
phase delay in ac current is effectively removed even under
such a large variation of L.
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Fig. 7. Conventional predictive current control under
4L=0.8L
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Fig. 8. Proposed current control scheme under AL,=0.8L,,

Figs. 9 and 10 show the current responses at starting. In
the predictive control, the g-axis current error becomes larger
since the magnitude of the disturbances is increased as the
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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. Conventional predictive current control at starting
under 43,,=—0.54,,
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Fig. 10. Proposed current control scheme at starting under
A =—0.54,,,

Figs. 11 and 12 show the control performance when the
g-axis current reference is changed from 1 [A] to 2 [A]. In
the predictive control, the g-axis current error is shown to be
dependent on the operating speed and current level. In the
proposed scheme, however, the g-axis current is well
controlled to its reference irrespective of the operating speed
and current level through the use of an effective disturbance
estimation.
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Fig. 11. Control performance of the conventional predictive
current control under the step current command
change and 42,,=-0.521,,
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Fig. 12. Control performance of the proposed current control
scheme under the step current command change and
44,,=—0.52,,

VII. Conclusions

A simple and robust digital current control technique for a
PM synchronous motor under the parameter variations is
proposed. Although the predictive control provides an ideal
response and a stable performance, its steady-state
performance may be degraded under the motor parameter
variations or inexact motor modeling. This is more serious at
high speed regions. Even though the conventional approaches
may deal with this problem, they require a quite complex
controller design. To overcome this limitation, the
disturbances caused by the parameter variations are estimated
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by using a disturbance observer and the estimated
- disturbances are used for a feedforward control to obtain a
robust control performance. Thus, a steady-state current
control performance is not affected by the variations of the
motor parameters. The whole control system is implemented
using the software of DSP TMS320C30 for a PM
synchronous motor driven by a three-phase voltage-fed PWM
inverter and the effectiveness is verified through the
comparative simulations and experiments. As a result, the
current control performance can be significantly improved
with a relatively simple control algorithm.
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