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Abstract —A low cost software implementation of an angular veloc-
ity observer based control scheme for a space vector PWM inverter
fed synchronous reluctance motor is presented. A standard satu-
rated machine d-g model neglecting iron losses is used for torque
control. Excellent performance using the maximum torque per am-
pere strategy is confirmed by simulation and experimental results on
an axially-laminated machine.

Keywords - Synchronocus reluctance machine, control, torque con-
trol.

I. INTRODUCTION

ORQUE control of cageless synchronous reluctance

machines (Syncrels) s generally accomplished in the
following two ways: (1) directly controlling the torque and
flux by applying torque vector control (TVC) [1]; or (2) in-
directly, through current control [2-8] or combined current-
flux PI control in the d—g rotor reference frame [9, 10]. The
main merit of direct control methods is the rapid transient
response and robustness which make them very effective
for spindle applications. Apert from being sensorless, the
versatile TVC algorithm [1] has other important advan-
tages such as: (a) machine-load parameter independent
and thus robust; (b) essentially applicable to any brush-
less machine; and (c) features inherently decoupled torque-
flux control suitable for hardware implementation. How-
ever, the low speed stability problems caused by voltage
integration, stator resistance variations and noise effects
represent a serious deficiency of TVC and all flux-ohserver
based control schemes [9, 10].

Conventional vector controllers, on the other hand, pro-
vide smooth and accurate control over the entire speed
range dnd loading conditions of the Syncrel as the dg con-
trol currents are measurable quantities. They enable better
machine efficiency (particularly at light loads) [L,2] and,
if implemented in analog hardware using high bandwidth
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hysteresis current loops [2], faster dynamic response com-
pared to constant flux controllers. However, there is con-
trol performance degradation if saturation is ignored in
the maodel {2,3] and an algebraic cross coupling between
the dg circuits due to iron losses is left uncompensated [2,
3,90, Several decoupling algorithms have been proposed to
improve Syncrel transient capabilities [4, 5] and efficiency
[6-8]. The major drawback of some of this work is again the
absence of magnetic saturation [5-7] but also the lack of ex-
perimental verification of simulation results [5,6]. Clearly,
the strong parameter dependence results in indirect torque
control not being as simple and robust as stator-flux ori-
ented TVC. An exception to this is the analog controller
described in (10]. The insensitivity to both saturation and
core loss influences has been achieved by using the d-axis
flux and the g-axis current as control variables.

Unlike the existing control implementations, which are
either fully digital (DSP) [3-8], digital-analog [1] or purely
analog [2, 9, 10], the one to be presented in this paper uses
a PC processor and off-the-shelf digital hardware compo-
nents, This design solution has been chosen mainly to
allow maximum flexibility in the test system and because
it is more economical than a DSP based configuration. An-
other nice feature of this platform is the large variety of
software development tools available. The implemented
control schieme is superior to those neglecting saturation
but has the limitation of not' compensating for iron loss
effects.

II. CONTROL ALGORITHM

The block diagram of a vector control algorithm for the
Synerel is shown in Figure 1 and the layout of the control
signal generation board used for its practical implemen-
tation is presented in Figure 7. The real-time software
was derived {rom a computer simulation program written
in ‘C’, The controller was based on a conventional d — g
model including saturation but omitting iron losses.

The functions of the control blocks in Figure 1 in the
order of execution through the main loop of the simulation
program are as follows. In the real-time code, the content
of this loop is a part of the control interrupt service routine.

The phase currents calculator, together with the
machine-load simulator, emulates the sampling system for
the machine currents. It converts the dg currents sampled
over the previous eontrol interval (ig,, and 4, ) into the
corresponding phase quantities (i, and 45 ) by applying
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Fig. 1, Algorithmic Structure of Syncrel Control Simulator .

a standard inverse Park’s transformation. The third phase
current can be computed from the remaining two as the
test Syncrel has no neutral connection. For the simula-
tion, samples of the rotor d-axis electrical angle relative
to the phase-a axis (6,,), and ig,, and 4, are obtained by
numerically solving the d— ¢ model equations using a stan-
dard 4th order Runge-Kutta integration routine. Clearly
the calculation of the three phase currents is redundant in
a simulation based on a synchronously rotating machine
model. This was done to make the simulation program as
close as possible to the real-time code.

The task of the current calculator is to determine the dg
currents (g and i;) used in the control procedure from the
average phase currents (i, and i) generated by an aver-
ager. It uses a conventional Park’s equation and the d-axis
angle corresponding to the middle of the previous control
interval for the conversion. This rotor angle value is taken
to account for the d — ¢ frame movement, which can be
substantial at higher speeds. It is caleulated by averaging
the samples from the machine model at the present and
previous control sampling instants. In a real system, these
simulated samples are replaced by encoder measurements.

All the Syncrel parameters needed for the control cal-
culation (stator resistance, dg inductances and inertia con-
stant) are generated by off-line testing and are summarised
in the Appendix. The stator resistance and a de link volt-
age (Vo) are assumed constant (in reality however the lat-
ter is varying and it is measured along with two stator
currents). The same applies to L, as the low permeance
g-axis flux paths are mainly through air, Measured values
of the machine d-axis inductances (Lg and L, = dLg/dig)
are stored in lock-up tables.

A high performance load model based observer algo-
rithm [11] is used to obtain accurate predictions of the
rotor angular velocity {w)and position (8) for the begin-

ning of the next control interval, The observer inputs are

the position at the present control sampling instant (6,,)
from the model {in reality, an encoder output) and the es-
timated torque 7 = 3(Lg — Lq)iqt, from the torque estima-
tor. The closed-loop configuration in Figure 1 is achieved
by feeding back the last observed position {from the previ-
ous control interval}. This observer design has significant
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advantages over conventional low pass filters and moving
averagers [11],

The function of the current predictor block is to predict
the machine dg currents (ig, and iy,) one control inter-
val forward from their actual values (ig and i;) using the
outputs of the current PI regulators evaluated in the pre-
vious control interval (14 and w,). Note that igy and ig
are the feedback currents i.e. the control variables due to
predictive nature of the current controller, They are cal-
culated using Euler approximations of the model voltage
differential equations :-

. . Ug—Rig+wlhyi

bip = td + L

dp a+ Lalig)+ LoyliaYig (1}
. Ug— Rty —whyle o

bgp =g + Ly

A simple speed PI algorithm with the integrator anti-
windup is executed next in the control flow to generate
the desired electromagnetic torque {74) required from the
machine. 7y is limited to a value corresponding to the
rated current, this being precomputed by Matlab®using
the steady-state model equations for the maximum torque
per ampere control strategy. The optimal i34 vs 74 char-
acteristic, generated in a similar manner, is stored in a
look-up table and is used by the current reference genera-
tor for determining the dg current references (igq and izq).

The purpose of the state feedback block is to eliminate
the adverse effect of the machine rotational voltages on the
performance of the two current PI controllers (one for each
rotor axis). In the absence of this feedback significant cross
coupling between the d and g axes would occur and the
integrators would have large values on them to counteract
the machine back emf. Therefore, the block generates the
feedforward compensation voltages 1g4,, = —~wlgigy and
tq,; = Wl (lap)lap = Whapiay which are then added to
the PI output to overcome disturbances. The resultant
unconstrained voltages are passed through the limiter with
a circular limit of Vy./ /3 to obtain those to be applied to
the machine (uq and ug).

The PWM generator implements a conventional space
vector based PWM algorithm with double edged modu-
lation [12] and inverter dead-time compensation [13]. It
accepts the required dq voltage inputs from the current
controller and then works out the switching pattern and
switching times of inverter legs so that the average volt-
age vector is the desired. In the real system, the switching
times are programmed into the timers that control the fir-
ing of IGBT’s (Figure 7). Note also that for the simulation
purposes the inverter transistors are assumed to be ideal
switches and the value of the dead-time is set to zero. In
reality, however, this value is programmed into an overlap
timer which protects against shoot through (Figure 7).

1II. COMPUTER SIMULATION STUDIES

The following performance results are obtained by run-
ning the simulation program in Figure 1 at a 3-kHz con-
trol rate (which ig also the switching frequency of an in-
dividual inverter leg). In the experimental controller this
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Fig. 2. Simulated speed and torque performance of the machine

is programmed into an interrupt timer (Figure 7). A dc
link voltage value corresponding to a rectified 415-V, 50-Hz
mains voltage in the real system was assumed in the cal-
culations. The control objective was to allow the speed of
an inertially loaded machine to track the desired reference
using the maximum torque per ampere strategy.

Figure 2 displays the speed and average torque of the
machine during speed control. The top plot is the Syncrel
response to a changing speed reference between +1500-
rpm. The excellent controller performance is obvious. It
can be seen that the machine moves between 4:1500-rpm
in about 2-s with no overshoot. The same time can be
approximately determined directly from the load model
eguation bearing in mind that the machine is operating at
the torque limits. This leads to the speed change being
virtually linear.

The bottom plot in Figure 2 shows that the machine
torque accurately follows the reference value with very lit-
tle overshoot. Small variations under transient conditions
when the machine is fully fluxed result from the inaccu-
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Fig. 3. Average d-q currents from simulation

racies in the control current predictions and consequent

“errors in the applied voltages, Note also the switching rip-

ples in the actual torque waveform. The prediction errors
and torque ripple are larger at higher speeds and currents
because of the increased influence of rotational voltages. In
steady-state, on the other hand, the torque characteristic
is smooth despite the high speed as the control prediction
is then much better due to the absence of lux and hence
indiced voltages in the unloaded machine.

The dg currents needed for the machine to produce the
torque in Figure 2 are shown in Figure 3. It can be ab-
served that there is very good tracking of desired trajec-
tories which demonstrates the effectiveness of the torque
controller. The effects of prediction errors and inverter
switching are visible during transients at higher speeds.
They manifest themselves in the fluctuations and slight
drifting of the actual waveforms from the desired ones.
These variations can be reduced by increasing the PI gains
of the current loops. However, excessive increase may lead
to instability of the control algorithm..
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The close similarity between the torque and g-axis cur-
rent wavelorms is evident from Figures 2 and 3. This result
is expected as the current response is much faster in the
g-axis than in the d-axis (L, << Lg) and consequently the
¢-axis current is essentially responsible for the torque dy-
namics. The function of the d-axis current is primarily to
establish flux in the machine. It is therefore always kept
positive (or zero) regardless of the torque sign determined
by the ¢ current.

Another interesting observation from Figure 3 is the lit-
tle current deviations from zero at the steady state speed of
the machine (1500-rpm). This can be explained by the mi-
nor control inaccuracies of the speed PI regulator resulting
in the small non-zero command torque value (hardly visi-
ble in Fig. 2 due to scaling). It should be rioted here thast
windage and bearing friction are ignored in the simulation.

IV. EXPERIMENTAL RESULTS

In order to verify the high performance of the optimal
torque control scheme obtained from the simulation, exper-
imental results have been generated for a 5.8-kW axially-
laminated Syncrel. Most of the variables used to plot the
results are available directly from the control program.

An angular velocity observer was shown to have high
accuracy as the speed estimates were in excellent agree-
ment with the precision torque transducer measurements.
Therefore, the observed speed will be considered to be
the actual machine speed. Unfortunately, torque dynamic
response could not be recorded on a digital oscilloscope
for the reasons discussed in the Appendix. However, the
steady-state torque predictions from the control algorithm
were fairly accurate as the Synerel prototype had small
iron losses. This is confirmed by the plots in Figure 4 pro-
duced for the test Syncrel operated under cpen-loop speed
control at the rated current.

Figure 4 illustrates a good agreement between the mea-
sured and estimated torque characteristics around the opti-
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mal current angle of approximately 60° (~ 58° predicted).
Therefore, it is reasonable to assume that these curves will
also correspond well under transient conditions as the ma-
chine current is then maximum. Notice from the same
figure the effects of torque control without iron loss com-
pensation. The machine is obviously developing less torque
at higher speeds and negative (stalling) torque at zero cur-
rent angle [4,14]. The torque production at 1500-rpm is
however not significantly different from that at 300-rpm.

The Synerel speed and estimated electromagnetic torque
while varying the speed reference between &+ 1500-rpm are
shown in Figure 5. Smooth response and effective speed
control at the desired value are clearly demonstrated in
the top plot the speed reversal cceuring in about 2.1-s
with no overshoot. Similar results (2.0-s) were obtained
by simulation (Fig. 2). The essential differences between
the test and simulated waveforms are the non-linear vari-
ation of the actual speed and better dynamic performance
of the machine in the regenerative compared to the mo-
toring operating mode. It can be seen from Figure 5 that
the rate of change of speed is higher during braking than
while starting because of the larger Syncrel torque in the
first case. This unsymmetrical transient response of speed
(and torque) is mainly a consequence of an uncompensated
cross coupling between the dg axes caused by core losses
[4,7,10].

The experimental torque curve in the bottom plot of
Figure 5 confirms the observations made about the corre-
sponding simulated characteristic in Figure 2. However,
unlike the simulation, the torque values are clearly not
zero at 1500-rpm, even though the machine is unloaded.
Discrepancies between the simulation and test results are
due to the presence of iron and mechanical losses in a real
machine, model and parameter knowledge inaccuracies, as
well as other practical effects.

The machine currents (average per control interval) in
the dg axes required to achleve a speed reversal between
+1500-rpm are presented in Figure 6. The torque and
g-axis current waveforms are almost exactly the same in
shape as predicted by the simulation studies. Also; switch-
ing ripple in the g-axis current waveform is larger than in
the d-axis counterpart due to much lower inductance (al-
though this is difficult to see with the scale on the dia-
gram). Furthermore, notice that the dg¢ currents are ap-
proximately equal at constant speed. This means that the
current angle is near the ideal optimum i.e. 45°, since the
machine is unsaturated, and has low core losses,

On the other hand during the transient periods the g-
axis current is substantially larger than the d-axis current.
The current angle has been increased above 45° to max-
imise the torque from the fully saturated machine. This
angle rise mostly results from saturation as the iron loss
effects are swamped by saturation influences at high cur-
rent values (Figure 4). Therefore, otie may conclude that
the dq currents are accurately controlled so that the torque
per ampere is optimised under all operating conditions of
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V. CONCLUSIONS

The contribution of this paper is the presentation of
practical implementation and computer simulation issues
of a Syncrel vector control algorithm and the discussion of
experimental and simulation results demonstrating its high
accuracy on an axially-laminated machine. The scheme
has been implemented entirely in software using a Pen-
tium PC and custom built hardware. The advantages of
this platform are its low cost, excellent software tools, and
flexibility in a research environment.

The results shown have confirmed the effectiveness of ap-
plying a saturated d—q model for control of Synerels having
relatively low iron losses. Smooth speed response, using a
maximum torque per ampere control objective, has been
demonstrated during starting, speed reversal and steady
state. The machine performance has been slightly compro-
mised at larger speeds and currents by the uncompensated
iron loss effects. A compensated controller design is under

D-AXIS CURRENT

d-axis current [A)]

Time [s]

Q-AXIS CURRENT

g-axis current [A]

Time [s]

Fig. 6. Machine currents while speed reversal : solid line - measured,
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development and will be presented in a future paper.

APPENDIX
I. DRIVE SYsTEM QUTLINE

A cageless 4-pole axially-laminated Syncrel with a con-
ventional 7.5-kW induction machine stator and a supply
inverter using Mitsubishi IGBT power modules were both
designed and built in the Department workshop. The rotor
construction is similar to that from the University of Glas-
gow in Scotland [14]. The optimum torque performance
parameters of the machine are listed in Table I.

The torque transducer (from Vibro—Meter®in Switzer-
land) has excellent frequency response (=s1-kHz} making it
suitable for dynamic testing. However, it was impossible
to capture the machine torque waveform on a digital oscil-
loscope due to very noisy analog output signals from the
transducer display unit. This noise resulted from capaci-
tive earth-leakage currents (induced by inverter switchings)
flowing through the transducer housing.
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The DC load machine was fed from a Ward-Leonard
based supply without electronic control. This limitation
makes the existing test system suitable mainly for con-
ducting steady-state or locked rotor tests but not for Syn-
crel/controller transient testing. The development of a
DSP hased control computer and a supply converter for
the DC machine is in progress the objective being to build
a dynamic dynamometer capable of emulating character-
istics of the representative industrial loads.

The inverter hardware and a 10-bit absolute position
encoder are interfaced to the CPU bus of a Pentium PC
by means of the two programmable [/O boards with inter-
rupt capabilities - a custom made control signal generation
board (Figure 7} and an off-the-shelf 12-bit multiplexed
A/D data conversion board. Details of the design and
functionality of these boards can be found in [15].

TABLE I
Test Syncrel Parameters
Pawer 58-kW
Current (rms) 14.3-A
Current angle 60° elec
Speed 1500-rpm
L4 unsaturated 88.9-mH
L4 saturated 76.8-mH
Ly 9.8-mH
Inertia (total) 0.23-kgm?
R (cold) 0.6-02
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