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ABSTRACT

A test procedure for determining the parameters
of a single-phase synchronous reluctance motor is
presented. By applying the principle of harmonic
balance, a set of non-linear simultaneous
equations, capable of yielding all the parameters
of single-phase reluctance motor from test results
are obtained. Values of axes inductances obtained
from measurements are validated by finite element
(FE) simulations and it is observed that there is a

correlation between the measured and simulation

results.

Index terms: flux linkages, magnetizing inductance,

clectromagnetic torque, saturation effects, finite
element.

1. Introduction

Two popular methods of measuring the

parameters of single phase machines (the single
phase and the “two-phase” methods) appear
frequently in literature [1-6, 8-10] (and the
references contained therein). Single phase
methods [8, 10] entail a blocked rotor and no load
tests performed with main and auxiliary windings

excited one at a time and measurements taken.

Ojo, et al [3] adopted this method and termed it

“synchronous tests”. Specifically, [8] reviewed the

methods of measurement from the point of view

of on-line and off-line methods, and used an on-

line method to measure the parameters. The 2-

phase methods, [1, 3, 4] are similar to the singlc

phase method except that for the later, both
windings are excited at the same time and
measurements are taken simultaneously with the
requirement that the currents in the two windings
be 90° out of phase and their magnitudes in
inverse proportion to the turns ratio. Most
publications on parameter determination of single
phase motors focus directly on induction motors.

Single phase reluctance motors have received very

little attention [5] in that regard, yet it presents a

better alternative to permanent magnet machines

due to its cheapness and robustness. The
motivation for this research derives from the facts
that:

(a) single-phase reluctance motors are used in
applications where precision is required, and
therefore, accurate methods of determining the
parameters are required.

(b) conventional methods of determining the

parameters of synchronous and induction
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motors cannot be used because single phase
reluctance motors have been shown to exhibit
optimal performance if a run capacitor is
present in the auxiliary winding circuit [1, 4].
This capacitor will influence the results if the
usual methods are used.

(c) The technique adopted in this paper eliminates
friction and windage losses present in no-load
tests.

The equations suitable for calculating the

parameters are first derived, the experimental

procedure presented and the results confirmed by

FE simulations. Saturation effects are included in

the FE simulations to make the results

comparable.

2. Analysis

The d-q equations for a single phase reluctance
motor operating without a running capacitor in the
rotor reference frame are [1]:

Vq_(,. = I';mlqs + I'abllds i (Dr}‘-’ds+ qus ...... (1)

Vs = Ipp Lgs + rnblqs + pllds - U-)r;\-’qs wsrilB)
O MESTE Y | SR — 3)
Vdr = r’drI’d, s p}hfdr ..... S R S (4)
The electromagnetic torque is:
Te =Y P.(lghas’ - LisAgs) cvvverervneeennn (5)
where,

Ags qu erl 0 0 Iqs

A ur‘ _ Lmq Lqr' 0 0 I'qr

}“I\ 0 0 Lds I"m(l I‘ds

;\'dr I 0 0 Lmd Ldr ' I‘dr
and.,

, ’_ ’
l‘q‘ 2 “legs + [Jmcp qu - I‘k[l b Lmq

67

Lgs=Ligs + Limg, Loy’ = Liar” + Ling

Faa = Y2 (Tas + Ths') + Y2 (ys — Tis )COS2PO;
Tab = Y2 (Tas — Tps )SIN2PO,

o = Y2 (Tag + Ts') — V2 (1as — s’ )c0S2P6,

2 2 2
rbs’ = I-bs”kab > l‘dr’ = rbrkbr ) rqr’ = rurkar
1!
6, = —Iw,t+6(, ‘
P 0

P is number of poles, o, 1s the rotor speed. 8, is
the initial rotor angle. The subscripts s and r
represents stator and rotor quantities respectively.

The transformation ratios are:

kab — NBS :kar — NAS and kbr — NAS
N
AS AR BR

The primed quantities are the quantities referred to
the main stator winding. The effective turns per
pole for the two rotor windings are Nag and Ngg.
Other parameters are as shown in the equivalent

circuit of Fig. 1 which is derived from equations

(1) to (4).

These equations are suitable for transient and
dynamic predictions but not sufficient to yield
machine parameter values and/or their influence
on transient torque components and their
magnitudes. This paper sets forth to obtain these
information by assuming a constant instantaneous
speed (quasi-steady-state condition) and applying
the harmonic balance technique [6, 7] to Equﬁtions
(1) to (5). By applying phasor analysis to non-
linear differential equations, harmonic balance
decouples the state variables into a combination of

sinusoids (in a manner similar to Fourier series) to
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form simple linear simultaneous equations, each
representing different harmonic components. As
many harmonics as desired can be considered; the
solution found by equating corresponding
coefficients of the sinusoids. The advantage of
this decoupling is that it offers the state variables
and torques in component parts in a form
amenable to control. This approach has been of
great utility especially in systems with unbalanced
operation and in understanding the contribution of
each harmonic component to the overall system

performance.

Taa - Tab (Ur)\rds qus

qur’

Vs e
b = Tab (Dl‘)\qu Ligs

il Idr’
-

Ids

Fig. 1: d-q Equivalent circuit

The basic theorems guiding this technique are
given in section 7. For generality, let the source
voltages be:

Vaa=Vacos(wet+e,)and Vi, = Vicos(wet+€p)

The g- and d- axis voltages expressed in complex
form are:

Vv, = Re(Vs,eje’ +Vq52ej62)

qs q

V.. = Re(\/dsle}g' + ‘stzc'ml)

ds

where, 0, =0, +0,,0,=0_-0,,

Vst = %(Vnej“" + thejG")

| . ‘ y
\/q52 = 5(\}'uema - vaeJ']h)

Vaa = %(jvuejc’“ -V, el )

= J_(_ jVuem'—' _ Vhe.mh )

Ve
-2

qs
where o, = €,48,, N, = €, - 8, O, = £,4+6, and N =

Sb - 80-

Again, let the currents in the main and auxiliary
windings be:

Ly = Lcos(wt+¢,) and I, = Ihcos(mt+gy,)
respectively. The - and d-components of current

can also be found to be:

Lt

asi = %(I;, + jI, )e'? b e = -;—(Ia = jl;)e"

i
i = E(Jlu - Ib)eJB

Id52 = L(_ jla - Ih)e'ip

2
where B = @, + 8, and p = @, — 8,. ¢, and ¢y, are
the power factor angles of the main and auxiliary

windings respectively.

Since a constant instantaneous speed is assumed,
the d-q voltage equations are linear; suggesting
that the flux linkages and currents have the same
forms as the d- and q- axis voltages. That is:

_ o _iﬂz)
Igs = Re(Iqsle P10

. io 0,
I, '= Re(IqueJ ot )

- 0 04
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Py = Re(?“drtcwl ”\ch-zcjoz)
If these are substituted into equations (1-4) and

harmonic balance technique applied, we obtain:
.(6)
(7)

Vot = Taalgst + Phgst + Orhast + J(0H) Agsi .-
Vst = Toblast + PAdst - OcAgst + J(0A0) Agst -
Vari = Tor' Iget + PAgn + J(@ety) Agr1 --(8)

Vari = g lart + phan + j(@A+0:) Agn -(9)

V2 = Taalgsa + Phgs2 + Orhasa + j(0e-0) Agsa-.-(10)
Va2 = Toblas2 + Phasa - Odgs2 + J(0e-0r) Agsz -...(11)
Vo =t lgz + PAar + J0e-00) Agez o vvvvnee (12)

\.‘«iw i= i‘dr"l{h'Z + p)\f(lr?. + j((l)e'mr) )\fdrl .- (13)

It is observed that the d-and g- voltages and
currents each have two components rotating at
angular frequencies of -0y and O+

Similarly, the torque equation (5) will modify to:

. i o 2
P [Ty+Te +The
4

T =2R
¢ (2040 L 20e-6)

(14)
where

To = Aastlgs® + Aasalgsa®- Agsilast *- Agsalase™
Ty = Aasilgsz + Aasalgst - Agsilas2 - Ags2lasi
Ty=hasiTgs2® - Agsilasa™ + Aas2*lgst = Ags2™*last
T = Aasilgst - Agsilast,

and Ty = Agsalgsa - Agsalas2

State variables with * implies conjugates.

ifence apart from the average torque componcnt.

I . there are four additonal torque components

09

oscillating at speeds (we-0), (We+)), 2w, and

20,

The average and pulsating torque equations are:

. P
[y =D Re(T, +T,)

[puls

P i :

A more detailed study of these torque components
and their influence in machine behaviour warrant
a different study and are therefore not pursued

further here.

3. Parameter determination

The machine used for this study is a commercial
single-phase 1 hp, 115/230V, 60Hz reluctance
motor made by Reliance Electric Industry
Company. For the purpose of determination of
machine parameters, all time varying state
variables in equations (6) to (13) are set to zero.
The de test was used to measure r,s and 1y from
which the vector resistances, T, and Iy, were
calculated. r,, is assumed to be equal to zero with
negligible loss of accuracy. A variable voltage
constant frequency source is then used to energize
the motor (without a starting capacitor), the rotor
will not move, hence m; = 0. The voltage was then
increased gradually from zero to a value at which
the main winding current equals its rated value.
By virtue of the short-circuited nature of the rotor
cage bars, Vg1, Var, Vg2 and Vg, are all equal to
zero. Noting that Iy, = -jlg and Lo = jlgo, equations

(6) to (9) are manipulated to:
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2 2
v w,. |
sl . i
8 oL .. (14)
l aa E €7gs . - I '
as! Tgr +J®elagr
2 2
dsl . W Lmd
,IA,‘L =Ty T _](DCth +-j—‘"—"“L—: sl 13)
dsl Tar + J®elogr

If we assume that the magnetizing reactances Lig
and Lng are much greater than the leakage
reactances, Ligr, Ligs, Liar and Ly, then, equations
(14)+(15) gives:

1] Voo " Va2 | '(r“ ! rql')
1 I 4 _jm:(]ﬂqg + Lig

}.....(16)

= qsl qs2

Similar procedure on (10) to (13) also yields:

1V V2 oy + Tar

S vaen o P TR S
Equations (16) and (17) are evident from the
circuit of Fig. 1 if it is assumed that the shunt
branches present infinite impedance as is usually
assumed in blocked rotor tests for induction

motors [2,10].

If we equate the real parts of (16) and (17), we
obtain expressions that can be solved for values of
rg. and 1, respectively. The q-axis leakage
reactance, Lig+liqs can be found by equating the
imaginary parts of (16) while Lig+Lias results by
equating the imaginary parts of (17). To determine
the remaining parameters - Lpyg and Ly, the
procedure is to drive the rotor of the reluctance
motor at synchronous speed using a dc motor of
higher horsepower. Driving the motor this way
will eliminate the errors due to windage, friction
and oscillatory torques that would occur if the
conventional no-load tests are used. The voltage

across the main (and auxiliary) windings was

increascd gradually from zero to rated valuc.
Measurements on main winding current I, and
power P,, and auxiliary winding current I, and
power Py, were then taken for every step increasce
of input voltage. For this test, m; = we. Applying
this condition to equations (6) to (13) and

proceeding as in the blocked rotor test, we have:

1 L/ s Vv, s2 .
_['—'Q‘L ¥ = (ru:] + Jm(Lds * [‘qs ))

qsl I ( | 8)
I P 2
+o7| - .__'_"_l_. . Lo
Tgr + JZmLW. ty + 2oL,
Vv Vi
l_[_df! + - ds2 == (,‘.rbb WU)(I"LIS + Lq; ))
O (19)

5 21 2
+jw” ™ cu .
Ly + 2wl 1y +j2wl.,

Lng and Lpq can now be computed from
simultaneous solution of (18) and (19) for every
step increase in input voltage. Plots of measurcd
and computed Lyg and Ly, versus input voltage is
shown in Fig. 2. The measured values are:

Iy = 2.0Q, s = 2.8Q, kap = 1.8, k=22,

kpe = 2.2 ligs = 0.012H, ligs = 01012H,

Ligr = 0.024H, lig; = 0.019H, rg = 118,
rdr=1.21Q

4. Finite element simulations

One accurate computational tool that has offered u
way of determining the parameters of electrical
machines is the finite element analysis. Using this
method, one can safely “excite” the machines with
very high voltage and study its behavior without
actually having to risk the physical machine. To

accomplish this, accurate information on the
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winding distribution, number of slots, number of
turns of coils and every other design detail of the
machine is needed. To account for saturation
cffects the cxperil:ncntal variation of Ly and Ly,
obtained by second order curve-fit of Fig. 2 is
used in the FE simulations. The expressions thus

obtained are:

Lana=318.76V,, " +128.74V ,+176.47 ..(20)

and

Lug= 525.93V,,"+351.70V,+0.63.......(21)

where Vi = Vi = Vb

For the machine under study, the clock diagram is
as shown in Fig. 3, and the total current in one-
half of the machine periphery is as shown in Table

The flux lines and magnetic flux density plots
obtained for a particular value of input voltage

(115V) are shown in Fig. 4

g
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Fig. 2: Measured and simulated d- and g-axis
magnetizing inductances as a function of

airgap flux linkage

Table 1: Total slot current used in the
computation of the finite element
analysis
Number of conductors Total current in

st Main Auxiliary slot
winding winding

1 12+ 2+ 74.8240

2 26+ 0 152.1780

3 28+ 163.8840

4 28+ 0 163.8840

5 26+ 0 152.1780

6 12+ 2+ 74.8240

7 0 13+ 29.8220

8 0 0 0.0000

9 0 13- -29.8220

10 12- 2- -74.8240

11 26- 0 -152.1780

12 28- -163.8840

13 28- 0 -163.8840

14 26- 0 -152.1780

15 12- 2- -74.8240

16 0 13- -29.8220

17 0 0 0.0000

18 0 13+ 29.8220

+ slot in which current enters

- slot in which current leaves
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extracted and used to calculate the L,y and L,

from the following equations [5]:

1 (KN, (2
md =7 |~ —B Txle ...... 22
d NG ](7[ gld)[ (22)
_L[KN; |2 :
Lmq _E “&:“]{;Bg]q ]TI)I,_,......(ZB)

where, K, is the winding factor, N, is the number

of turns, N. number of circuit in parallel, By and
By, are the fundamental components of the airgap

flux density in the d- and g-axes respectively, T, is

Niit s the pole pitch, 1. is the effective core length. The

(A. B, C, A", B, (" belong to the main winding while results of these computations together with

X,Y.Z, X', Y and Z’ belong to the auxiliary winding) experimenta! values are shown in Table 2.
Fig. 3: Clock diagram
L Table 2: Measured and simulated values of Ly,q

and L, (input voltage is V, = Vy)

Voltage Lpg (mH) Ling (mH)
(V) 'Measured | FE || Mcasured | FE
30 1540 | 1375 39.2 36.5
50 1915 | 1904 | 486 47.1
it (al Flae s 60 1915 | 190.0 535 58.1
: 70 183.0 | 1875 555 587
| A | [ | ] 80 1840 | 1830 | 570 | 517
| 100 1822 | 180.0 | 575 60.8
. 15 | 1800 | 1785 | s70 | 576
=50 140 176.4 175.3 56.5 58.8
160 175.0 | 1734 | 550 542
: | 180 1710 | 1688 505 48.9
oMo 200 167.1 158.3 44.5 3.7
(b) Magnitude of airgap flux density 230 155.0 1534 | 350 | 328

iig. 4: FE simulation plots 5. Conclusions
- Methods of measuring parameters of single phase
Using  spectral vlll}‘.\l“»’,siﬁ,,_,“thC fundamental motors were reviewed and u . technigue that i

component ol f'm\‘dm'a.\'sly in Fig. 4 can be capable of eliminating all the ervors inherent in



et

NSE TECHNICAL TRANSACTION Vol. 40 No. 3 July — Sept. 2005

E.S. Obe & L.U. Anih

no-load tests were subjected to reluctance type
these

FE

machine. Results obtained from

measurements  were  compared  with
simulations and a low degree of discrepancy

observed.
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7. Appendix: Harmeonic balance technique [6]
Since many circuits generally operate in the
sinusoidal steady state and it is known that if the
response of a linear time-invariant circuit to a
sinusoidal input of any frequency is known, then
effectively, its response to any signal can be
calculated, the harmonic balance technique finds
applications in electric motor analysis. The method
is efficient is supported by the following three

theorems:

(a) Uniqueness: Two sinusoids are equal if and only
if they are represented by the same phasor;
syrﬁbolicﬁlly, forall t, o |

Re[Ae"™"] = Re[Be!™} & A =B

(b) Linearity: The phasor represented by a linear
c¢ombination of sinusoids (with real coefficients)
is equal to the same linear combinations of the
phasor representing the individual sinusoids.

Symbolically, let the sinusoids:

x1(1) = Re[Ae"'] and x»(t) = Re[Ase™]

Let a, and a;, be any two real numbers; then'the

sinusoid a;x;(t) + axxy(t) is represented by the

phasor: aj A + axA.

(c) Differentiation: A is the phasor of a given
sinusoid Apcos(wt+0) if and only if jwA is the

phasor of its derivative,

d
o [A m cos(mt + 9)] . Symbolically,
t

Re(joAe™) = %[Rc(Amej“" )].

o B i ; d
This indicates that the linear operators Re and &
L

commute. i.e.
Re[% (Amej“’[ )] = Reh oA e ]

- % (Re(A me“"“’l ))
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