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Abstract - A high speed (20000 rpm) axial-gap permanent
magnet (PM) synchronous motor has been constructed and con-
trolled using a new developed algorithm. Due to high speed
operation, the implementation using decoupled vector control
strategy along with PWM inverter could be difficult and in-
efficient. In this paper, an optimization algorithm using the
Newton-Raphson method is proposed to solve the maximum
torque/amp problem for salient-type PM motors. The optimum
voltage and torque angle for different speeds were further derived
from optimum dq-axes currents so that decoupled control can be
applied to a 6-step inverter. The complete drive system could be
implemented using open-loop optimum voltage and torque angle
trajectories or closed-loop control with one variable controlled
by a look-up table and the other variable controlled by a closed-
loop controller. Both open-loop and closed-loop control systems
have been simulated using PC SIMNON, and a closed-loop con-
trol system is being fabricated for a 3-phase, 8-pole, 460 V, 27
HP axial-gap PM motor. Although torque pulsation cannot be
avoided with a 6-step inverter, acceleration is quite smooth due
to high load inertia.

1. Introduction

Axial-gap PM synchronous machines have several advantages
over traditional PM machines and induction machines such as
high efficiency, high power density (compact size), and wide
speed range capability [1,2]. For high speed operation, imple-
mentation using decoupled vector control strategy along with a
PWM inverter could be difficult and inefficient. The conven-
tional 6-step inverter is thus favored when efficiency and high
speed applications are considered.

For high power applications, it is necessary to reduce the
current stress of switching devices. A torque/amp maximization
using dq-current decoupled vector control has been proposed for
interior PM machines [3,4]. However, such optimization has not
yet been applied to the voltage per Hz (V/Hz) control scheme.
In dg-current decoupled vector control, flux is controlled by d-
axis current, and torque is controlled by q-axis current. In V/Hz
control, flux can be controlled by voltage, and torque can be
controlled by torque angle. With voltage and torque angle as
the two control variables, decoupling is thus feasible in the V/Hz
control scheme.

In this paper, a constant torque acceleration control system
using an axial-gap PM motor is designed using microcomputer
control. The criterion is to accelerate a high inertia load, while
overcoming drag losses to 20000 rpm in five minutes or less by
developing constant motor torque. . To implement an optimum
torque/amp control design by V/Hz control, the voltage and
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torque angle trajectories are solved and stored in look-up tables
for microcomputer control. Optimum voltage and torque angle
are derived as a function of different torques and dg-currents.
In solving dq-currents for optimum torque/amp ratio, a new
algorithm, using the Newton-Raphson iteration method, is de-
veloped.

The complete drive system could be implemented using open-
loop optimum voltage and torque angle trajectories or closed-
loop control with one variable taken from a look-up table and
the other variable controlled by a closed-loop PI controller. Both
open-loop and closed-loop control systems have been simulated
using PC SIMNON, and the closed-loop control system is being
fabricated for a 3-phase, 8-pole, 460 V, 27 HP axial-gap PM mo-
tor. Although the torque pulsation can not be avoided in 6-step
inverter, the acceleration is smooth due to high load inertia.

2. Machine Structure and Modeling

The axial gap PM motor consists of a thin armature stator
winding and a thin rotor disc shown in Figures 1 and 2. Because
of low inertia, the disc type machine is suitable for reliable high
frequency and high speed operation. The stator is encapsulated
in epoxy resin for ruggedness and heat transfer. The saliency of
the axial-gap PM motor depends highly on air gap width and
the number of poles. A smaller air gap and fewer poles will have
higher saliency and vice versa.

Figure 1: Stator assembly showing teeth and windings prior to
encapsulation.
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Figure 2: Rotor containing eight Neodymium-iron-boron alloy
magnets.

Figure 3 shows the machine model including saliency in syn-
chronously rotating reference frame. The dynamic equation rep-
resented by the mathematical model can be derived from the
above d-q equivalent circuits. Equation (1) shows the state equa-
tions including speed and torque dynamics [5~8]

GE=1 (Ve = Ruigs — L~ Ef)
Ltsm L (Viy — Ryias + w0 Losies)
dee (1. — 1)/
T =3P((Las — LosYisaine + Shi]
where
R, = stator resistance,
Ly, = g-axis inductance,
L4, = d-axis inductance,
E; = counter EMF,
we = operating frequency,
Vs = q-axis voltage component,
Vi, = d-axis voltage component,
igs = Q-axis current component,
14, = d-axis current component,
w, = rotor angular frequency,
T. = generated torque,
Tt = load torque,
J = inertia, and
p = pole number.

In steady-state, d¢/dt = 0, and the equivalent circuit can
be simplified without dynamic quantities. The veltage balance
equation can then be represented by (2).

Vie = iasRy — igsweLqs )
V;.l = Ef + iqua + t4,weLg,
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(a) q-axis equivalent circuit
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(b) d-axis equivalent circuit

Figure 3: d-q equivalent circuits in synchronously rotating ref-
erence frame.

3. Optimum Torque/Amp Control

For surface mounted PM machines, an efficiency optimiza-
tion has been proposed to minimize losses using optimum volt-
age trajectory as a function of operating frequency [9,10]. This
control does not use torque angle as a control variable and is,
therefore, typical scalar control.

In vector control, an optimum torque/amp method for the
interior permanent magnet (IJPM) machine has been proposed
and applied in traction control [3,4]. In fact, this scheme min-
imizes stator current for a specific torque. The .najor advan-
tages of reducing stator current are the lessening of the stress
of inverter switching devices and increasing efficiency. The fun-
damental idea of minimizing stator current can be seen from
(1) where torque is a function of dg-axes currents. By varying
igs and i4s for a given torque, a minimum current trajectory

can be searched for and found from the whole family of dg cur-
rent plots [3,4]. This search is required for each given torque
and is tedious when finding a set of torque values.

This paper proposes a numerical optimization approach to
solve the minimum current trajectory problem, which, indeed,
saves a lot of computation time. The optimization is formulated
by the following algorithm.

3.1 The Optimization Algorithm

The minimum current problem is posed as
Y
min ¢;(tdsy%gs)

such that
Tc(iduiqs) = T'

e
where
= i+, and

T; = a given torque value.
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The algorithm to solve the above minimization problem is
derived by the following procedure.

1. Eliminate one current variable from the torque equation
in (1), i. e,
. T
tgs = Fopy (3)
—f[z-ia([’ds - an) + wf]

where 1; = gf

2. Find the derivative of i2 with respect to 24,.

iy AT Ea =Ly

CRY(Las - Los)ias + ]

F=du

3. Find the second derivative of i? with respect to 74,.
f= f _, 6(T7)*(Las — Los)?

dia, CPYU(Las - Los)ias + v]*

(8)
4. Apply the Newton-Raphson iteration method to solve 24,
such that f = 0. The iteration equation is given by

f(n) n>0. (6)

tgs(n + 1) = ig,(n) — iy "2

The above algorithm has been applied to an axial-gap PM
motor. The motor parameters are shown in Table 1.

Table 1: Parameters of an axial-gap PM motor.

Rated voltage 460 rms V;_,
Rated speed 20000 rpm
Pole 8

Stator resistance R, 0.4

d-axis reactance Xy,
q-axis reactance X,

Counter EMF E;

5.352 @ 20000 rpm
7.240 2 @ 20000 rpm
278 Vypear @ 20000 rpm

With a reasonable initial guess, most results converged in
less than three iterations. Optimum dg-axes currents with re-
spect to different torques are plotted in Figure 4.
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Figure 4: Optimized d¢-axes currents with respect to different
torques.

T

3.2 Optimization for V/Hz Control

A similar algorithm can also be applied to the V/Hz control
method. Since dg-axes currents are functions of voltage and
torque angle, the torque expression can be formulated using
voltage and torque angle. Representing stator phase voltages
by (7), the peak voltage V, and torque angle 8 can be obtained
by the dg-transformation {11].

Vs = V, cos(w.t + 6)
Vis = V, cos(w.t — 120° + 6) (7
Vs = V, cos(wet + 120° + 6)

where R
V= VAT V2
§= tan~! Vs ®)

Vgs
Using the steady-state voltage balance equation (2), voltage

and torque angle can be represented as functions of dg-axes
currents.

I“/s = \/(Ef + R:iqs + weLdsida)z + (“)CLWqu - R’id‘)2

-1 “’chsiqs _ Rsida .
Ej + Rslqs + weLystas

9

§= tan

According to (9), a simple decoupling which relates V,/we to
ias and § to iy, is possible provided that R, =0 and Ly = Lys.
If R, # 0 and Ly # Ly, the above relationship will not be
simple. However, optimized trajectories of V, and § can be
plotted using Figure 4 and (9). Optimized phase voltage v,

and torque angle é§ trajectories are plotted in Figure 5 and
Figure 6, respectively.

Voitage (V)

Figure 5: Optimized phase voltage V, trajectory with respect
to torque and frequency.
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Figure 6: Optimized torque angle é trajectory with respect to
torque and frequency.

From Figure 5, it can be seen that the voltage as function
of frequency is almost linear. Thus, in actual microcomputer
implementation, the voltage V, can be easily calculated using a
linear relationship with respect to frequency, and é values can
be stored in a ROM look-up table or controlled by a closed-loop
controller.

4. Control of an Axial-Gap PM Motor

The speed of a synchronous machine is uniquely determined
by the supply frequency. Thus, speed can be easily controlled
by an open loop voltage/Hz inverter. To control flux, the volt-
age command V" of the DC chopper is controlled by the fre-
quency command w}. Constant torque can be controlled by
a firing delay angle a which is a function of torque angle é
and the signal conditioning circuit delay of the position sensor.
The control of a PM motor is thus decoupled like that of a
DC machine. Figure 7 shows an open loop voltage/Hz control
system using optimization results.

In order to have reliable current control, the delay control
angle o has to be controlled by a phase-locked loop (PLL)
circuit. Although the voltage command V; can be controlled by
the analytical results, a closed-loop control system is preferable
because parameter variation and the saturation effect were not
considered in mathematical analysis. Figure 8 shows a closed-
loop current control system. The reference voltage signal V; is
controlled by a PI controller in order to eliminate steady-state
error and to maintain constant DC link current and constant
torque.
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Figure 7: Open-loop V/Hz control system of an axial-gap PM
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Figure 8: Closed-loop V/Hz control system of an axial-gap
PM motor.

5. Simulation of Constant Torque

Acceleration

The systems of Figures 7 and 8 were simulated using PC
SIMNON. Although a six-step inverter is used here, a PWM
type inverter could be a candidate provided that high power
high switching speed devices are available and drive perfor-
mance is the main consideration and not efficiency.

Most system parameters are not constant. The typical load
inertia is 0.5 slug-ft?, and the worst case is 0.625 slug-ft?>. The
worst case drag torque T}, (ft-1b) can be expressed as a function
of speed N (rpm), i.e.,

Ty, = 0.06667 + 2.117 x 107° N + 9.8082 x 10~° N?
+7.3448 x 10714 N3,

The control criterion is to increase speed from zero to 20000
rpm in 5 minutes or less by constant motor torque. In order to
determine how much generated torque is required, the acceler-
ation profiles for different load torques were studied as shown
in Figure 9.
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Developed Torque Te = 6.5 ft-1b
Rotor Inertia - J = 8.67% sluy‘ftz

Drag Torque losses included

10 TL = 3.714 £t-1b @ 20008rpe

2; TL = 4.990 ft-1: @ 200008rpm
3: TL = 4.508 ft-1h 8 20088rpm

4: TL = 5.908 ft-1h @ 20008rpn

608 300

t (sec)

Figure 9: Acceleration profiles of a high speed axial-gap PM
motor.

Notice that the worst case inertia (motor rotor plus load)
is 0.675 slug-ft2. The result shows that a torque command of
8.8 nt-m (6.5 ft-1b) will satisfy the performance requirement
for a worst case drag torque of 5 ft-lb at 20000 rpm. This
torque command was first translated to current commands as
indicated in Figure 4, and then converted to optimum voltage
and torque angle commands as shown in Figures 5 and 6.

The complete system including DC voltage regulator, DC
link LC filter, 6-step inverter, and PM motor was simulated
for open-loop and closed-loop systems. Using torque command
T = 8.8 nt-m, the simulation results are shown in Figures 10
and 11.

For the open-loop control system, the voltage command V;
was approximated by a first order equation, and the firing delay
angle command o was found from a look-up table. According to
Figure 10, the decoupled control using voltage and torque angle
as control variables effectively yields constant dq currents 4,
and t,,. The generated torque 7, thus remains constant during
acceleration.

For the closed-loop control system, a low gain PI regulator
was used for better stability. However, the system response was
quite slow. This gain, of course, is adjustable and can be varied
to obtain the best response. The DC link circuit has an LC
filter between the DC chopper and the inverter. The inverter
side current I, is noisy, but the DC supply side current [y is
quite clean.

The main problem with using a six-step inverter is torque
pulsation caused by switching. This can be seen from the sim-
ulation results. The frequency of the pulsating torque is six
times the fundamental supply frequency. However, for high in-
ertia load, acceleration remains smooth.
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Figure 10: Open-loop V/Hz control system simulation results.

iw(A)

40 €0

”s(A)

¥ T T
49 60 80

t (sec)

8000

c00a

4008

2000

N (rpm)

48

38

20

16

T T 1

-~

(sec)

Figure 11: Closed-loop V/Hz control system simulation re-
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6. Conclusion

An axial-gap PM motor is modelled for a salient type PM
motor. The maximum torque/amp problem for this class ma-
chine is solved by the proposed algorithm using the Newton-
Raphson method. For high speed operation, the optimization
of torque/amp is extended to 6-step type inverters. Decoupling
for V/Hz control is feasible by manipulating voltage and torque
angle simultaneously. Simulation shows satisfactory results for
both open-loop and closed-loop systems.
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