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STEADY-STATE ANALYSIS OF A CURRENT SOURCE INVERTER/RELUCTANCE MOTOR DRIVE
PART II: EXPERIMENTAL AND ANALYTICAL RESULTS
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SUMMARY

The steady-state solution of a reluctance motor supplied from a
current source inverter, derived in Part I, is compared with both ex-
perimental and simulation results. The calculated results from closed
form expressions for instantaneous motor line voltage and current are
compared to results obtained from experiment. Correlation of internal
machine variables is obtained using simulation techniques. Effects of
current source operation on important design parameters such as aver-
age and ;;ulsating components of electromagnetic torque, stator and
rotor copper losses are calculated and discussed.

INTRODUCTION

In a companion paper [ 1], the closed-form, time domain solutions
have been derived which describe the steady-state behavior of a syn-
chronous-reluctance motor operating from a current source inverter. In
this paper, the results of the analysis are compared to laboratory test
data. Further comparison is obtained with data from an analog com-
puter simulation in which the inverter and motor are represented in de-
tail. Since reluctance motor drives are typically used in precise speed,
high duty factor applications, system parameters such as torque pulsa-
tions and motor heating assume considerable importance. In this paper
these and other important operating characteristics of this new type of
ac motor drive are displayed and compared to test resuits.

COMPARISON OF TESTED AND COMPUTED RESULTS

In order to verify the analysis technique presented in Part I, the
solutions that have been developed were evaluated by means of a digital
computer and compared to the tested results from an actual system.
For purposes of comparison, the reluctance machine used in this study
was a 10 HP, 220V, 4 pole, 60 Hz, delta~connected machine. The motor
windings were reconnected in wye to eliminate possible circulating cur-
rents so that rated rms phase voltage was 220V. The per-phase param-
eters measured by means of a locked rotor test at rated frequency are:
stator resistance and leakage reactance; rg = 0.215%2, Xgs = 0.59652,
d-axis rotor resistance and leakage reactance; rj, = 0.189, Xpdr=0.1182,
and g-axis rotor resistance and leakage reactance, 1'211' = 0.36582,
xgzqr = 1.348). The magnetizing reactances for the test machine were
obtained from a non-load test by driving the reluctance machine with a
synchrono'us motor and shifting the relative phase of the voltages ap-
plied to the two machines by means of a rotary transformer [2]. The
measured saturation curves in the d- and g-axes of the reluctance ma-
chine are shown in Fig. 1. Both short-circuit and no-load tests were per-
formed with sinusoidal excitation. .

When stator current rather than voltage is the independent vari-
able, it is apparent that the saturation within the machine will vary
widely from no-load to the pull-out condition. It is therefore, important
that saturation be properly taken into account. Although not explicitly
considered in the analysis of Part I, the effect of saturation can be
readily incorporated into the solution using the technique described by
Williamson [2].
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Fig. 1. Measured d- and g- axis saturation curves.

Fig. 2. Steady;Stzite phase voltage and current for the condition
IR=25 A., fe=30 Hz., TL= 28.5 N.m. Tested results from ex-
perimental system. Scale; vac—200 V/div. ias—20 A./div.

Figures 2 and 3 show a comparison of the analytical results with
data obtained from an actual system. At the operating point shown, the
motor was excited with 30 Hz. The dc link current adjusted to 25A and

' the reluctance motor loaded to 28.5 Nm. Comparing Fig. 2 to Fig. 3 it

can be noted that the line voltage is sinusoidal as predicted and its
amplitude and phase relative to the quasi-square line current compares
favorably with the calculated result.

In general, only stator terminal voltage and current can be meas-
ured conveniently in the laboratory so that comparison with experk
ment is limited. As 2 means to provide further correlation the complete
inverter with associated commutation circuit and reluctance motor was
simulated on the hybrid computer. Traces obtained from the simulatiof1
are given in Fig. 4. Comparison with the calculated results, Fig. 3, indi-
cates favorable correlation of rotor currents and electromagnetic torque
as well as for stator variables. However, a precise correlation is not pos”
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sible since the commutation time for the system parameters and oper-
ating point chosen is becoming appreciable. In practice the dc link in-
ductor cannot be made arbitrarily large so a ripple component of dc
link current appears in the experimental system. However, the filter in-
ductance can be made sufficiently large so that the consequences of this
effect can be assumed to be negligible. -
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Fig. 3. Steady-state motor variables for the condition IR=25 A,
fe=30 Hz., TL = 28.5 N.m. Calculated results from closed form
solution. S

WAVEFORMS

Since commutation time has been assumed negligibly small, the
calculated waveforms show’ abrupt changes - (disconfinuities) at the
switching instants of the inverter. The stator voltages during commuta-
tion are represented by impulses with corresponding magnitude
(‘strength’) as shown. The strength of these voltage impulses which ride
on the stator voltages can be calculated from the first terin of Egs. 57
and 58 in Part . In practice, the commutation inte_rval of the inverter
Wwith a reluctance machine load are of finite duration and consequently
the rates of change of the variables are less abrupt. A profile of the
stator voltage variation during commutation provides tuseful design in-
formation of the voltage stresses on the SCR devices. It is recognized
that the expression for the voltage impulse strength falls short of this
Tequirement. However, commutation time can be estimated if the com-
mutation capacitance is known so that it is possible to obtain the peak
voltage as a function of current excitation, transient reactance and load
angle by equating the integral of the volt-second area under an approxi-
Mate voltage pulse to the voltage impulse strength. N
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Fig. 4. Steady-state motor variables for the condition IR=25 A,
fe=30 Hz., TL.=28.5 N.m. Detailed hybrid computer simulation
including' the effects of inverter parameters and finite rotor

inertia. Voltage vi3 is the inverter commutation . capacitor
voltage. : :

During commutation the change in magnetic field energy of the
machine given by Eqs. 62 and 63 (Part I) is transferred to the inverter
and temporarily stored as electrostatic energy in the commutating
capacitor. The commutation capacitor thus receives a boost of voltage
during commutation. The voltage stresses on the SCR devices are re-
lated to the capacitor voltages and the line voltages of the machine. To
minimize the voltage stresses on the SCR devices, commutation capaci-
tance should be as large as possible and the change in magnetic field
energy which occurs during commuitation should be reduced. Equations
62 and 63 relate the change of magnetic field energy to current excita-
tion, machine transient reactances and load angle. With a given load,
voltage stresses on the thyristors will be minimized if the current excita-
tion ‘is kept as small as possible. Overexcitation not only results in
higher voltage stresses but also higher torque pulsation and higher losses
as is apparent from the expréssions in Part I, Appendix II.

Examination of Figs. 3 and 4 indicate that even for steady-state
operation, induced harmonic currents flow in the rotor windings. Since
the resultant armature MMF produced by idealized phase currents
switches around -by 60° at the 'instant of each inverter switching, the
basic switching frequency of the stator MMF corresponds to that of the
inverter. waever,' the MMF does not rotate with a uniform angular
speed as does the rotor. Between switching instants the stator MMF is
stationary in space and the rotor rotates with uniform synchronous
speed and as a result of the relative motion rotor currents are induced.
As expected, these rotor currents have zero mean-value. The interaction
of harmonic rotor currents and the air gap flux produces harmonic
torques. It is an interesting result of this analysis that the harmonic
torque ‘component always has a mean value which is ina fixed pro-
portion to the nominal reluctance torque resulting from the funda-
mental component of stator current. i ) :

DISCUSSION OF STEADY-STATE PERFORMANCE

In order to establish a basis for comparison, another machine was
selected miore typical of those machines used for high horsepower ap-
plications. For' convenience, per unit parameters were employed to
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Fig. 5. Reluctance motor vector diagrams. a) voltage source, b) current
source.

enable direct use of the results of Part 1. In per unit, the parameters for
this machine are 1= 0.045, rgy=0.030,14,=0.015,x9=0.1, x4, = 0.1,
x&qr— 0.1, xds (unsat) = 2.1, xqs (unsat) = 0.6 pu. Since saturation is an
important consideration in this type of drive, the curves similar to those
plotted in Fig. 1 were employed to account for saturation.

It is of interest to compare the torque-angle characteristics of the
synchronous—relucténce machine when fed from a sine wave current
source and fromr a sine wave voltage source. For this i)urpose it is con-
venient to employ the vector diagram shown in Fig. 5. This figure also
sefves to emphasize the difference between the torque angle for con-
stant current 8] and the conventional torque angle & valid for a con-
stant voltage source (herein denoted as 8y). The average torgue vs. 91
curves for various operating currenf and voltage magnitudes are given
in Fig. 6 respectively both for the case of unsaturated and saturated
machines. The effect of saturation clearly reduces the torque available
at small load angles (high flux condition). Note also that saturation
shifts the point of pullout to a higher value of 81. Saturation also tends

to reduce the synchronizing torque coefficienit, 9P/98, pamculaxly for

low torque angles. However, it is evident from these figures that regard-
less of saturation the 'current fed machine has higher synchronizing
torque coefficient over the practical operating range of load angle.

The nature of torque production in the machine is further clarified
by Fig. 7. The average component of torque denoted as reluctance
torque is that portion resulting from the fundamental component of
stator current. The total torque includes the effect of the harmonics on
torque productlon Note that harmonic components of cutrent tend to
improve the net torque capability of the machine, in direct contrast to
the -case with a conventional voltage source inverter. [3] Also from
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Fig. 6. Average torque vs. load angle 31. Sohd (dashed) line, saturation
neglected (included).
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Fig. 7. Average and pulsating components of torque vs. 8y, IR= 0.5 pu.

Fig. 7 it can be observed that the pulsating part of the harmonic torque
is highest at no-loadand gradually decreases with higher loading in both
the generating and ‘motoring regions. For purposes of comparison, the
pulsating torques with and without saturation effects, have been plot-
ted. It can be noted that effects of saturation reduce the pulsating
torques especially at light loads. Referring to Eq. 64 in PartI it can be
observed that torque pulsation is a function of both rotor saliency and
dc link current. ‘A decrease in rotor saliency tends to reduce the torque
pulsation. Also, the pulsating torque components are sensitive to
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Fig. 8. Reluctance motor performance characteristics operating from a
current source inverter.

changes in dc link current since this quantity appears in Eq. 64 as a
squared term. This behavior emphasizes the importance of keeping the
current excitation level optimum for a particular loading since over-
excitation will result in both higher torque pulsations and in higher
losses. .

The general performance characteristics of the machine with cur-
rent source operation have been plotted in Fig. 8. Excluding iron and
rotational losses, the efficiency of the reluctance machine in the motor-

-ing and generating regions of operation can be computed from the total

output and the copper losses in the rotor and stator circuits. Saturation
has the effect of reducing efficiency. It can be seen from Fig. 8 that for
operation with constant current input, stator copper losses remain con-
stant for varying load angle, and the rotor copper loss increases with

higher loading. An unexpected but significant result of this study was
the determination that for constant load and input current, both stator
and rotor copper losses as well as the average and pulsating torque com-
ponents are independent of operating frequency. This result is again in
direct contrast to the results obtained for a voltage inverter source. [3]
In practice, of course, both stator and rotor resistances as well as iron
loss will be somewhat frequency dependent resulting in a slight increase
in losses as frequency increases.

CONCLUSION

In this two-part paper, the complete steady-state solution of a re-
luctance motor supplied for a current-source inverter has been obtained.
Since the solution is expressed as an explicit function of time, the
effects of all motor parameters on any variable of interest can be readi-
ly observed. Since the solution is in closed form, computing time re-
quired to obtain the desired solutions is minimal.

Reluctance motor drives serve a large portion of the present-day
static drive market. It appears that application of current source in-
verters to this class of ac motor drive will be inevitable. Hence, the re-
sults of these papers should prove a welcome aid to the engineer en-
gaged in a specific design application.
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