Proceedings of the 1997 IEEE International
Conference on Control Applications
Hartford, CT * October 5-7, 1997

TMO02 2:30

Direct Model Reference Adaptive Control of Permanent Magnet
Brushless DC Motors

Yilmaz Sozer*

Howard Kaufman**

David A. Torrey*
*Department of Electric Power Engineering, Rensselaer Polytechnic Institute
Troy, NY 12180-3590, Voice: (518) 276-8297, Fax: (518) 276-6226
**Department of Electric Computer and Systems Engineering, Rensselaer Polytechnic Institute
Troy, NY 12180-3590
sozeryQrpi.edu , kaufmhQrpi.edu , torred@rpi.edu

Abstract

A direct model reference adaptive control (DMRAC)
algorithm is applied to the speed control of an inverter
driven permanent magnet brushless d¢ motor. The ap-
proximation of the nonlinear system, current limitation
and the parameter changes are addressed during the de-
velopment of this controller. The control is described as
an outer loop speed control and an inner current loop
control which has faster dynamics than the speed loop.
The adaptive control is applied to the outer speed con-
trol loop. DMRAC is compared to an indirect adaptive
controller and a standard PI controller. Simulation re-
sults show that the two adaptive controllers give similar
response and are superior to the PI controller. However,
the DMRAC algorithm is simpler to implement.

1. Introduction

Permanent magnet brushless dc (PMBDC) motors are
becoming popular with continued cost reductions and per-
formance improvements in permanent magnet materials.
The main advantages of the PMBDC motor are the high
efficiency, high power density and the low maintenance
cost due to the removal of the brushes [1], [2].

This paper focuses on the direct model reference adap-
tive control (DMRAC) of the PMBDC motor. Indirect
model reference adaptive controller (IMRAC) and a con-
ventional PI controller are used to emphasis DMRAC fea-
tures. The main objective is to achieve precise speed con-
trol in the face of varying motor parameters and load.
Most of the work on adaptive control of permanent mag-
net motors has been done with indirect methods which
need parameter estimation [3]; however DMRAC has been
successfully applied to induction machines [4].

The main problem in DMRAC occurs during large
transients where the inverter cannot provide the current
demanded by the adaptive controller. Although small
gains solve the problem, they cause weakness in the adapt-
ability of the controller during the parameter changes. An
incremental steps technique is proposed to alleviate this
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problem and is successfully applied to the DMRAC algo-
rithm.

The time scale difference between the electrical and
mechanical dynamics enables us to use multiloop motor
control [3]. The outer speed loop is controlled adaptively
in the face of varying motor parameters and load. Hys-
teresis current control is used in the inner current loop
to shape the motor currents as commanded by the adap-
tive controller. Fig. 1 shows the control diagram of the
PMBDC motor.

Section 2 presents the model and the constraints for
PMBDC motors. The DMRAC algorithm used in this
paper is described in Section 3. Section 4 describes the
algorithm used for IMRAC. Results with representative
parameter changes are shown in Section 5. Conclusions
and recommendations are in Section 6.

2. Modelling of PMBDC motor

The PMBDC motor consists of stationary 3-phase sta-
tor windings and permanent magnets on the rotor. Sta-
tor phases are driven by an inverter to supply the motor
with a current waveform that produces constant torque
during regions of constant back emf. The back emf wave-
forms have trapezoidal shapes as shown in Fig. 2 with
amplitudes of E, and flat tops widths greater than 120
degrees. The phase current waveforms have quasi-square
wave shapes as shown in Fig. 2 with magnitudes of I,, the
control signal, to get a constant torque. The active sta-
tor coils are switched every 60 electrical degrees, with one
phase turning on or turning off. The electrical position is
defined such that movement of the rotor by 360 electri-
cal degrees brings the machine to an identical magnetic
orientation [1]. The torque is given by [5], [6]

T, = €ala + €ptp + €cle , (1)
W

where e,, €3 and e. are the phase back emf voltages, i,
iy and i, are the stator phase currents, and w is the me-
chanical speed. With the current waveshape and the back
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Figure 1: The control diagram of the PMBDC motor.

emfs as in Fig. 2, the torque equation reduces to

_2E,1,
Tow

T. 3]

Defining K, as the back emf constant with

E, = Kyw 3)
Te can be written as

T, =2K,1, 4

so the mechanical dynamics can be written as

dw

JZ = 2K -Ti-Bw . (5)

The adaptive controller is applied to this state equation as
an outer speed loop. w is the speed output of the motor,
I, is the control input, J, B and 77 are inertia, viscous
damping and load torque, respectively. J, B and T} are
the varying parameters for which we seek control insensi-
tivity. We have to shape the phase currents properly to
justify this approximation. That is, phase currents must
be quasi-square waves with the magnitude of I,, as in
Fig. 2. A hysteretic current regulator is used to actively
shape the phase currents through the electrical dynamics

die (L_IM>[v,—Rz‘,—ez] . (®)

where v, is the inverter voltage applied to stator phase
z (z =a,b,orc¢) L is the phase inductance and M is the
mutual inductance. The hysteretic controller forces the
motor currents iz ( z=q,b,0r ¢ ) t0 approximately follow the
reference currents i,,, 13, and i,.

The amplitude of the reference currents is I, as com-
manded by the adaptive controller, and their signs are the
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same as the signs of the corresponding back emf voltages.
The phase of the current is calculated by integrating the
speed from the speed tachometer. v,, v; and v, are pulses
of magnitude +V, and —V,. +V, is applied when the ac-
tual current is smaller than the reference current; —V, is
applied in the reverse case. Figure 3 shows the actual
motor phase current and the applied voltage to the motor
from the inverter.
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Figure 2: The ideal three phase stator currents and back
emfs.

The physical inverter has some limitations. One limi-
tation that we must consider is the maximum current. The
current commanded from the adaptive controller must be
within specified limits. This issue is discussed further in
Section 3.

Figure 3: The actual phase current and the voltage applied
to this phase.

3. DMRAC Algorithm
The actual DMRAC algorithm is discussed first in Sec-
tion 3.1. Its application to the PMBDC is then detailed
in Section 3.2.

3.1. General algorithm
The linear time invariant model reference adaptive
control problem is considered for the plant

‘i'p(t) =
Y (t) =

Apzp(t) + Bpuy(t)
Cp‘”p(t) (7



where z,(t) is the (n x 1) state vector, u,(t) is the (m x 1)
control vector, y,(t) is the (¢ x 1) plant output vector, and
Ap, B, are matrices with appropriate dimensions. The
range of the plant parameters is assumed to be known
and bounded with

QijSap(i>j)SEij,i,j:1’...,n (8)
bi; <bp(i,§) <bij,i,j=1,--,n
The objective is to find, without explicit knowledge of A,

and By, the control u, (%) such that the plant output vector
yp(t) follows the reference model

Em(t) = AmZm(t) + Bmum(?)
ym(t) = Cpmzm(t) . 9)

The output vy, is the desired speed response w to the
speed set point command u,,. The model incorporates
the desired behavior of the plant, but its choice is not
restricted. In particular, the order of the plant may be
much larger than the order of the reference model.

The ideal control law that generates perfect output
tracking and ideal state trajectories is assumed to be a
linear combination of the model states and model input,

N EANE AP

where the S;; matrices satisfy

(10)

R

S11dm ApS11+ BpSny
S11Bn = APS12 + BpS;)z (11)
Cn = GCpSn
0 = GCpSi2

Then the adaptive control law based on this command
generator tracker (CGT) approach is given as [7]

up(t) = Ke(t)ey(t) + Kz (t)zm(t) + Ku(t)um(t) , (12)
where ey (t) = ym (t) — yp(¢) and K, (), Kz(t), and Ku(?)

are adaptive gains and concatenated into the matrix K(t)

® K@) = [Ko(t) Ko(t) Ku(®)] (13)

Defining the vector r(t) as
ym(t) — 9 (2)

zm(t) ,
um(t)

the control u,(t) is written in a compact form as

r(t) = (14)

up(t) = K(@)r(t) (15)
where
K@) = Kp(t)+ K:(t)
K(t) = ) -»@lr" )T, T,20 (16)
Ki(t) = [ym(®)—5p@l %, T>0

The sufficiency conditions for asymptotic tracking are:
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1. There exists a solution to the CGT problem (11).

2. The plant is almost strictly positive real (ASPR); that
is there exists a positive definite constant gain ma-
trix K., not needed for implementation, such that
the closed loop transfer function

G(s)=[I+ Gp(s)Ke]_IGp(s)
is strictly positive real (SPR).
The block diagram of the DMRAC is shown in Fig. 4.

(17

U
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Figure 4: A block diagram for the direct model reference
adaptive controller.

3.2. Application to PMBDC

Because the inner current loop has dynamics that are
much faster than the outer speed control loop, the adap-
tive control design is based only upon Eq. 5 with Eq. 6
ignored. However, the evaluation is performed using the
entire set of dynamics, which are in fact nonlinear.

In terms of the development in Section 3.1, the state
x, and output y, are each equal to the speed w, and the
adaptive control up is the current magnitude I,. Compar-

ing Eqs. 5 and 7 indicates that
B

A, = —— 1
2K

B, = hd 1

The disturbance (— Z}-) is treated as unknown.
The reference model is chosen taking into account the
following specifications:

98% settling time = 0.4sec (20)
Maximum overshoot = 1% (21)
u < 4A (22)

In order to alleviate control saturation, u, is reduced when
u, is in saturation. Instead of a full step command to
the model, u, is effectively reduced by a series of smaller
incremental steps. This algorithm can be summarized as

— K (up — imas) (23)
(29)

tmaz T Ur = Us

tmar == Ur = UY;

If u >
If up <
where i,4; is the maximum limit of current, u, is the

reference speed that we desire, and K is a constant that
is found experimentally.



4. IMRAC Algorithm

Indirect model reference adaptive controller (IMRAC)
can be summarized as the redesign of the controller based
on new estimated parameters to satisfy model tracking
and the regulation [8], [9].

A block diagram for the IMRAC system is shown in
Fig. 5. This system uses recursive least squares pa-
rameter estimator to fit the assumed motor model to the
measured performance of the motor. A forgetting factor
is used in the parameter estimator to place emphasis on
newly required data.

Using the estimated model parameters, the controller
is redesigned in order to keep the closed loop poles in a
specified location. The controller redesign is represented
in Fig. 5 by the three blocks with emerging diagonal ar-
rows. The implementation of the IMRAC is digital, where
controller redesign is based on an approximate discrete
model. The digital controller then excites a nonlinear con-
tinuous time motor model.

The sampled-data form of the continuous motor dy-
namics given in Eq. 5 is

wk] = bilk — 1] + aw[k — 1] — ¢Ti[k — 1] (25)
where a = 1 — %T,, b= %T, and ¢ = %‘- Since it is
difficult to measure load 7; and for the purpose of sim-
plifying the controller design, we remove the torque load
from the speed equation. The adaptive system accounts
for varying load torque by incorporating into the updated
parameters a and b,

So our system polynomials became A(z7!) = 1—az™
and B(z7!) = b. The IMRAC control design uses the
same performance objectives as the DMRAC system. We
chose C1(z71) = 1-0.85212"1, Co(z~1) = 1+0.127! and
D(z1) = 0.14794 to satisfy these specifications. Based
on these selections the controller blocks become R(z71) =
a+0.1, B,(z~!) = 0 and by = b. a and b are the system
parameters that need to be estimated.
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Figure 5: A block diagram for the indirect model reference
adaptive controller.

5. Simulation Results
Using a nonlinear model for a PMBDC the perfor-
mance of the DMRAC, IMRAC and the PI controllers

were tested with three different parameter sets :

Set 1: J = 0.0015250, B = 0.000801500, T; = 0.2 ' (26)
Set 2 : J = 0.0007625, B = 0.000601125, T = 0.2 (27)
Set 3 : J = 0.0007625, B = 0.000601625, T; = 0.4 (28)

The rest of the system parameters are in the Appendix.
The transfer function of the PI controller can be written
as

Ge(s) = [ (29)

where Kp and K| were adjusted for the nominal parame-
ters given in Appendix to satisfy the system specifications
given in Egs. 20, 21, 22 (Kp = 0.1, Ky = 0.085). The
system responses of the PI controller for different parame-
ter sets with hysteretic controller are shown in Figs. 6 and
7. It should be noted that the settling time constraint
was violated by curves 2 and 3 in Fig. 6; furthermore, a
steady state error exists for the same curves.

Figures 8 and 9 document operation of the DMRAC
without current limiting for the nominal parameter set,
and Figs. 10, 11 and 12 document the operation of the
DMRAC with current limiting (K = 2000). It should
be noted that the current limitation procedure defined by
(23) and (24) results in currents that are within the spec-
ification (22) and that in both cases, the speed responses
are acceptable. The DMRAC with the current limiting
procedure was next tested using the three parameter sets
defined in Eqgs. 26, 27, 28. As shown in Fig. 13, DMRAC
(unlike the PI controller) satisfied the specified constraints
for all three parameter sets.

We can see little spikes on the current waveforms in
DMRAC (Fig. 12) which IMRAC (Fig. 14) and PI con-
troller (Fig. 7) do not have. Although they do not affect
the speed response much, these spikes help to reduce rip-
ple on the electromagnetic torque because of the inverter
nonlinearities.

Figures 14 and 15 document the operation of the IM-
RAC, indicating compliance with the performance speci-
fications.
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Figure 6: Curve 1 shows the speed response for a PI con-
troller with the parameters Set 1. Curve 2 shows the speed
response for a PI controller with the parameters Set 2 .
Curve 3 shows the speed response for a PI controller with
the parameters Set 3.
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Figure 7: Three phase motor currents using the PI con-
troller with parameter Set 1.

Figure 8: Speed response from DMRAC without current
limiting and with parameter Set 1.
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Figure 9: Current commanded from DMRAC without cur-
rent limiting and with parameter Set 1.
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Figure 10: Speed response from DMRAC with current
limiting and with parameter Set 1.
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Figure 11: Current commanded from DMRAC with cur-
rent limiting and with parameter Set 1.

arnfy

Lhona Lbhowa

ey

anaih
Lbows

0.2
tima(e)

Figure 12: Three phase motor currents from DMRAC
with current limiting and with parameter Set 1.
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Figure 13: Curve 1 shows the speed response for a DM-
RAC with parameter Set 1. Curve 2 shows the speed
response for a DMRAC with parameter Set 2. Curve 3
shows the speed response for a DMRAC with parameter
Set 3.
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Figure 14: Three phase motor currents using the IMRAC
controller with parameter Set 1.



Table 1: Controller Evaluation

( Criterion | PI | DMRAC | IMRAC ||
Adaptability — + +
Start up tuning | + 0 +
Response to Load | — + +
Variations
Response to + + +

Setpoint Changes

Small sample + + -
Rates
Complexity of + 0 -

the controller

Figure 15: Curve 1 shows the speed response with param-
eter Set 1. Curve 2 shows the speed response for a IMRAC
with parameter Set 2. Curve 3 shows the speed response
for a IMRAC with parameter Set 3.

6. Conclusions

Table 1 summarizes the relative results obtained
from the simulation of three different adaptive controllers.
Adaptability refers to the ability of the controller to cope
with varying system parameters. Start up tuning is the
initial adjustments to make the algorithm work. The table
also evaluates the effects of setpoint and load disturbances,
complexity of the controllers and their performances at the
small sampling rates. As seen from the table, parameter
estimation and adaptation is difficult when the parameters
changes are fast with the IMRAC.

DMRAC gives good results with load, setpoint and
parameter disturbances. Care is needed in the start up
tuning for the DMRAC. The control saturation problem
is addressed and the suggested solution to this nonlinear
effect is simulated. The controller maintained the model
following while the current commands remained within
their specified limits. By virtue of its independence of
parameter estimation methods and controller redesign re-
quirements, the DMRAC is simpler to implement than the
IMRAC.
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Appendix
PMBDC motor parameters:
J =0.001525 Kgm?.
B =0.0008015 Nm/rad/s.
K, =0.1987465 Nm/A.
L-M=000929 H.
R=4 Q.
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