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Abstract—The operation of air-cored resonant induction ma-
chines is very sensitive to the tuning of the capacitors. By using
the equivalent circuit equations, this paper explores in detail the
machine performances under four different tuning criteria: (a)
both stator and rotor capacitors resonating with the stator and
rotor self-inductances; (b) both capacitors resonating with the
leakage inductances; (c) stator capacitors tuned to compensate
for the overall stator terminal reactance and no rotor capacitors;
and (d) stator capacitors only to cancel out the machine ideal
input reactance neglecting resistances, which is the new option
introduced in this paper. Extensive comparisons of all tuning
options in torque, efficiency, power factor, capacitor size and
feasibility are presented and their performances are compared
with a pure air-cored induction machine without capacitors.
Analytic expressions for the maximum efficiency and maximum
torque and related slip values are also derived as functions of the
machine parameters, which provides a valuable tool for design
optimization. A numerical case study based on parameters of
a real air-cored induction machine is discussed and the paper
includes the first experimental validation to be carried out on a
spinning air-cored resonant induction machine prototype. Results
show that using only stator capacitors to compensate for the
machine equivalent terminal reactance can be a practical choice
to achieve both high torque and high efficiency and avoid rotor
capacitors.

Index Terms—Air Core, Experimental Validation, Induction
Machines, Resonance, Tuning Criteria.

I. INTRODUCTION

IR-CORED machines remove the iron core and have the

benefits of reduced mass, eliminating iron losses and
saturation issues, good overload capability, low inertia and
low cogging torque, and have the potential to achieve high-
efficiency and high-power-density under high-speed operation
[1], [2]. This type of machine has been considered in appli-
cations such as wave energy converters [3], wind turbines [4],
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and motors used in aircraft turbo-electric propulsion systems
[5]. However, removing the ferromagnetic core also largely
reduces the air-gap magnetic flux density, so it is common for
air-cored machines to use permanent magnets to compensate
for the drop in the magnetic loading and which usually
also incorporate Halbach-arrays [6], double-sided rotor [7], or
ironless stator only [8]-[10], etc.

In recent years, the idea of air-cored induction machines
(IMs) using resonance inductive coupling, i.e. air-cored reso-
nant induction machines (ACRIMs), has been proposed. The
basic concept of resonance inductive coupling is not new and
has been widely adopted in wireless electrical-to-electrical
power transfer systems [11]: compensation capacitors are
added on both transmitter and receiver sides and tuned to
minimize the supply rating and maximize the power trans-
ferred to the load [12]. Compared to these well-established
systems however, ACRIMs bring the extra complication of
variable speed, which makes the tuning of capacitors a trade-
off between torque, efficiency, capacitor size, etc.

The key feature of ACRIMs is the presence of stator and
rotor capacitors aimed at partially or totally cancelling out
the machine reactances at a given frequency and slip so as
to reduce the supply voltage demand for a given torque and
speed requirement. [13] and [14] propose both linear and
radial-flux type ACRIMs with a large airgap length of 10mm
to 30mm and a very high supply frequency of hundreds
of kilohertz to several megahertz. The 2D electromagnetic
models, expressions for inductances between coils and the
output torque or force are derived and validated against 2D
finite element (FE) models under the assumption of identical
primary and secondary coils. However, the slip in the proposed
machines is assumed to be very high, i.e. close to unity, which
may lead to low efficiency operation, and there is little dis-
cussion about the machine performance with varying machine
speed. [15] proposes an ACRIM using the frequency splitting
phenomenon: the stator excitation frequency is adjusted in
accordance with the rotor position to induce in-phase or out-
of-phase rotor current with respect to the stator current so as
to generate attractive or repulsive forces between the stator
and rotor windings. However, the analytic and FE models
are only based on a stationary rotor at different positions
without considering the change in rotor current frequency for
a rotating rotor, also, no experimental validation is provided.
[16] introduces the equivalent circuit of ACRIMs incorporating



both stator and rotor capacitors, the 2D FE validations of the
equivalent circuit at different rotor speeds are reported in [17]
and [18]. The comparisons of machine performance such as
torque, efficiency, power factor and AC losses for different
number of poles, axial and radial types of machines, and a
cage rotor using 2D FE analyses are presented in [19]-[24]
and an experimental validation for operation at zero speed is
reported in [25], but the focus of [16]-[25] is limited to the
operation with stator and rotor capacitors tuned in order to
cancel out the stator and rotor self-inductances respectively,
no other options are considered and little insight is given
into the optimal operating points for torque or efficiency.
[26] provides a thorough analysis of the operation with both
stator and rotor capacitors—tuned to cancel the stator and
rotor leakage inductances respectively, and considers also the
more practical option of using stator capacitors only—tuned to
achieve resonance, i.e. zero reactance, at the stator terminals.
Despite this work presenting the key equations for maximum
efficiency, torque and related slip values, no comparison is
given with the tuning option explored in [25], i.e. with both
capacitors tuned to compensate for the self-inductances of the
stator and rotor windings. Besides, no key equations for peak
torque and efficiency have been derived yet for this scenario.

The Wanlass IM scheme proposed around 1980 also in-
corporates capacitors but is different from the ACRIM con-
figuration. The Wanlass IM is based on a conventional dual
three-phase iron-cored IM, with one of its two sets of stator
winding connected through series capacitors in each phase.
The two stator winding sets are connected in parallel so that
the capacitors create a phase shift between them [27]. This
connection tries to create a pseudo six-phase winding from
a three-phase supply to improve the machine performance.
Multi-phase IMs, such as six-phase, can improve efficiency
by reducing the harmonic content. However the Wanlass con-
figuration can only achieve balanced six-phase operation at a
single load point so the performance benefits were found to be
marginal [28]. The ACRIM described here is a simple three-
phase machine but can easily be extended to multi-phase with
capacitors in each phase and tied to a multi-phase inverter for
further winding harmonic reduction. In addition the air-cored
structure avoids self-excitation with series capacitors, which
would be a concern in iron-cored IMs.

In this paper, the machine performance of three tuning op-
tions in the literature: options (a) and (b) with both stator and
rotor capacitors and option (c) with stator capacitors only, and
one new tuning option, tuning (d) with fixed stator capacitance
independent of machine slip, are compared analytically in
terms of their torque and efficiency potential, power factor,
size of the capacitors and feasibility. Analytic expressions for
maximum torque and maximum efficiency points of the tuning
criteria are also developed. This is followed by the discussion
of a case study based on the parameters of an air-cored IM
prototype to validate the theoretic analyses and to demonstrate
the machine operating characteristics under the scenario of
adjustable capacitors, and with fixed capacitors which is more
practical. The results show that, using stator capacitors only
and compensating for the machine input reactance can achieve
high torque at high efficiency. Finally, to the authors best

knowledge, this is the first paper presenting experimental
results on a spinning air-cored resonant induction machine
prototype to validate the tuning option and compare the
operating characteristic with the pure air-cored IM prototype.

II. EQUIVALENT CIRCUIT MODEL AND CAPACITOR
TUNING OPTIONS

A. The Equivalent Circuit and General Expressions

Fig. 1 shows the general T-shaped steady-state per-phase
equivalent circuit of an ACRIM with capacitors on both stator
and rotor. Vg, I,, I’ are the supply terminal voltage, stator
current and referred rotor current phasors, R, R, are the
stator resistance and referred rotor resistance respectively,
Xiss, Xm, X l’r, are the stator leakage reactance, magnetizing
reactance and referred rotor leakage reactance, Xcs, Xér,
are the stator capacitor reactance and referred rotor capacitor
reactance respectively, all of them are per-phase variables. s
is the slip.

Based on this equivalent circuit, the expressions describing
the operating characteristics can be derived, among which the
following four groups of terms are found repeatedly, denoted

as G1, G, G3 and D,
Gr = X¢p — 8% (X[, + Xom) (D
G2 = Xis + X — Xes (2)
Gs =X, (5° (Xi5 — Xos) + (82 X[, — X(y))
+ (Xis — Xo) (X1, — X0,) ©
D = $*R.R, (2sX2, + R.R,) + G5+ R:Gi +s°RI’G3 (4)

G1, G5 and (G3 are also associated with the resonant condi-
tions. The equivalent impedance seen from the stator terminals
is

Zy =R+ j X, &)

where R; and X, are the equivalent resistance and reactance
seen from the stator terminals, and

Ry = R, + s*X2 R,/ (G} + s°R}?) (6)
Xy = (s’R?G2 — G1G3) / (G + $*R)?) (7)

The torque is calculated using the classical “power balance”,

T = mpp I’,{?Ri'/" — mpp SSX?YLR;“/SQ (8)
w¢ s w¢ D

where m is the number of phases, p, is the number of pole
pairs, I, V; are RMS values of referred rotor current and
supply voltage, w¢ is the stator supply electrical frequency.
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Fig. 1: Steady-state per-phase equivalent circuit of an ACRIM (motor con-
vention)



The efficiency for the machine is calculated by taking the ratio
of the output power to the input power,
POU[

P (1—5)s*R.X2, = ©
"~ Pn  \$2R.(R.R,+sX2)+ R.G?
where + and — represent motoring and generating modes
respectively, and the efficiency is independent of the stator
leakage inductance and the stator capacitance. The power
factor is calculated as the ratio between the electrical power
and the apparent power,
. |RsGi+ s*R;. (sX2, + R.R,) |

f: _— =
P D (R? + GO)

(10)

B. Capacitor Tuning Options

Four tuning options are discussed in this paper as listed
in Table I. For tuning (a), the stator and rotor capacitors are
tuned to compensate for the stator and rotor self-inductances
respectively, at prescribed slip sg, both G; and G2 become
zero. For tuning (b), the stator and rotor capacitors are tuned
to compensate for the stator and rotor leakage inductances
respectively, at prescribed slip sg, G'3 becomes zero. For tuning
(c), the stator capacitor is set to cancel out the total equivalent
reactance seen from the stator terminals, i.e. X; = 0, in the
absence of rotor capacitors, at prescribed slip sg, the total
equivalent impedance seen from the stator terminals becomes
purely resistive which equates to (6). For tuning (d), there
is no rotor capacitor and the stator capacitor is set to force
G3 = 0, the stator capacitance of tuning (d) is independent of
slip, which is different from the rotor capacitances of tuning
options (a), (b), and the stator capacitance of tuning (c). The
detailed derivation of the expressions in Table I is presented
in [29].

III. ANALYTICAL COMPARISON

For fixed capacitor values, tuning criteria (a), (b) and (c)
can only be fulfilled at a single prescribed slip so. However,
assuming variable capacitor values which are adjusted with
slip to maintain “continuous resonance” in the whole slip
range helps explore the full potential of these tuning options.
In addition, for iron-cored machines, the winding resistances
are normally much lower than the leakage reactances, so it
is reasonable to keep this assumption for air-cored machines
whose leakage is more significant. Also, air-cored machines
are usually considered for high-speed applications, i.e. the
supply frequency, w¢, tends to be high, which also leads to

large inductive reactance. As a result, the following assumption
is made for analytic comparisons: the stator resistance and the
(referred) rotor resistance are negligible compared with the
magnetizing, the stator leakage and the (referred) rotor leakage
reactance, i.e. R, R, < X, X5, X/,..

The torque and efficiency expressions for each tuning
criterion under continuous resonance, 7'(s) and 7(s), are
derived by substituting the corresponding tuning criteria into
the general torque and efficiency expressions, (8) and (9),
respectively. The peak torque and peak efficiency points are
subsequently solved by analysing the first derivative of T'(s)
and 7)(s) as shown below,

IT(s) In(s)
Js Js

the results are summarized in Tables II and III, the peak torque
and peak efficiency slips, st, and s,, the peak torque and
peak efficiency, T}, and 7y, are all functions of the machine
parameters. However, it is worth mentioning that (ST,Tpk)
and (s, npx) in Tables II and III may not correspond to the
peak torque and peak efficiency points on the torque-slip and
efficiency-slip curves when the capacitor sizes are fixed.

=0 = (ST,Tpk) y =0 = (smnpk) (11D

A. Torque

To avoid confusion, it needs to be noted that the peak torque
in the generating mode refers to the minimum value of 7'(s)
when s < 0. The critical slip at which the torque tends to
infinity should not be selected for sg in practical design [26].

For tuning (a), when s — —R.R:/x2, T — —oo, and no
stationary point is found under generating mode; in motoring
mode, the peak torque is located at a small slip, s (a) =
RLRs[x2 < 1.

For tuning (b) and (d), the peak torque points are found
in both generating and motoring modes with the peak torque

slips

R, R’ 1
Pt > T 2
Ry’ (1+ X /Xn)?
depending on the resistance and inductance values, sg)) and

sgﬁl ) could be outside the domain of [s] <1

For tuning (c), four stationary points are found after solving
the derivate of the torque expression with respect to slip under
continuous resonance as shown in (13), (14) and (15),

() _ R R,
31
m/2+ \/ Xm/2 *R% (X

13)

/T + Xm)Q

TABLE I: CAPACITOR TUNING OPTIONS

Tuning Stator capacitor, X s Rotor capacitor, X /C » Comment
a Xm + X5 sg(X l’r + Xm) Compensate for the stator and rotor self-inductances.
b Xis SSX l/r Compensate for the stator and rotor leakage inductances.
RI2 (X +-Xm ) +53 (X4 Xm) [ X6 Xon +X[ (X s+ Xm)] X ‘
0 Compensate for the total terminal reactance.
RP2+s2(X] +Xm)? P
d Xis + Xm Xjp 0 Compensate for the machine ideal input reactance ne-
ls X+ Xl/r pens p

glecting resistances.




TABLE II: PEAK TORQUE SLIP AND PEAK TORQUE *

Tuning Peak torque slip, st Peak torque, T}y Comment
R, Rs mppVe 1 (a)
a X2, we IR, s— —sp’, T — —oo0.
b L8 I R2 mpp V2 1 1 + is for motoring mode,
R X2 wg 2R R2 — is for generating mode.
144 /1+ 5
X
c R.R. mppV2 1 Condition: w¢ > 2Rs(Lj, + Lm)/L?,.
(conditional) x2 X2 \2 5 wg  4Rs Also, when s — —s<c), T — —oo.
ki (Tm) —R3 (X[, +Xm) T
d LR \/ X2 i R2 mpp V2 1 1 + is for motoring mode,
. T P) 3 - . .
Rs \[ (X] 4+Xm) (X}, 4+Xm) w§ 2R 1i\/1+ Rg(xl/r:xm)? is for generating mode.
X

m
* The peak torque points for tuning options (a), (b) and (c) derived under the assumption of continuous resonance with variable capacitors
may not correspond to the peak torque points on the torque-slip curves when the capacitor sizes are fixed.

TABLE III: PEAK EFFICIENCY SLIP AND PEAK EFFICIENCY !

Tuning Peak efficiency slip, sy Peak efficiency, 1,k

R 1
a R S— X
1+ /1+% 2R,’,.RS+X;{L:l:2\/R,’,,R3(R,’,.RS+X;{L)
TS

5 +1
b2 1 < Xon >
X2 X2 2R/ s X2 2 2 s ’ s X2
1+ 1+R,’,.TIY%S+RZ£ R7‘R,,+ mi \/RS(RT R&+(R7‘+Ru) m)
+1
2
c. d 1 Xm
’ 2
1¢\/1+ R}f% +(xl’r;}2<m) 2R§,R5+X,,2,L:t2\/RS(R,’,?RS+R;,X,?"+RS(Xl’T+Xm)2)
rots T

1 For all the expressions in this table, 4 is for motoring mode, — is for generating mode.
2 The peak efficiency point for tuning (b) derived under the assumption of continuous resonance with variable capacitors
may not correspond to the peak efficiency point on the efficiency-slip curve when the capacitor sizes are fixed.

(e) R/ R, () R2X4 R?
S2° = (14) ST2 = P 17 2
X2,/2—/(X2,/2)° = B2 (X, + Xpn)* AR (XGy o+ Xm)" (X o+ Xm) 0)
R X7 i
S S L EETNCORS L AR R
° Xl/'r‘ + Xm ’ ! Xl/r + Xm
and the torque values at four slips are s(TC?1 is small, while iiTj )2 could be(lca;rger than( 01). The motoril'qg-
vz mode peak torque Tpkkmot =T(s; )(5 T(sy’); In generating
T(s(9) = T(s{)) = mp#i (16) mode, when s — —sy7) or s = —sy5, T — —00, so in this
wi AR case, the other two stationary points located at séc), sff) are
9 2 / turning points rather than peak torque points. However, when
T(s{?) = Py QVS 2X o (X1 + Xom) 3 (17)  the supply frequency is lower, i.e. when the assumption of high
Wi (X7 + 2R (X], + X)) supply frequency breaks, the peak torque points will change
. V2 9X2 (XI + X,) as shown below.
T(SELC)) = _PpYs m iy m (18) When the supply frequency w® = 2Rs(Lj. + Lm)/L2, the

w? (X2 — 2R, (X] 4 X)) ()

T, mot.
When the supply frequency w¢ > 2Rs(Li, +Lm)/r2,, where sé sg , i.e. the three stationary points reduce to the
(¢)

I» Lm are the referred rotor leakage inductance and mag- same point, and the motoring-mode peak torque is pk,mot.
netizing inductance respectively, the same peak torque is 7'( 35‘3)) = T(Sgc)) = T(Sgc)), There is also one peak torque

achieved at two different slips in motoring mode as shown  point found in the generating mode, where the peak torque slip

peak torque slip in motoring mode is s = 5(1c) =

c) c)

in Table II: the smaller slip with a plus sign in front of the ;g4 S(jf) — sff) and the peak torque is T(,? = T/ sff))
c c . . . . ,gen. ’ pk,gen. .
square root, 3(T7)1 = sg ), and the larger slip with a minus sign, When the supply frequency w® < 2R.(Li, +Ln)/12, Sgc)’

() _ (o c .
Sr2 =827 sé) are no longer real numbers, and the peak torque slip in

; TN (O] — .
@ _ RR, © _ 2R.R, motoring mode is sy, ,, = s3°. The motoring-mode peak

STmot. = “xa < ST S Xz <1 (19 torque is only T = T(sgc)), which can be proved to

m pk,mot.




be lower than the peak torque under higher supply frequency,
mp, V2 [(4w?R,). The peak torque slip in generating mode is

S%%en. = 346( ,) and the generating-mode peak torque is
sz,gen‘ = jﬁ(84c )

The peak torque slip and the peak torque for pure air-
cored machine, sgpo) and TZEZ), are shown in (21) and (22)
respectively, where + and — are for motoring and generating
modes respectively. For high-speed operation, the peak torque
slip is usually less than 1 as proved in (23), and the motoring-
mode peak torque value is smaller than that of tuning (d) as
shown in (24).

The peak torque listed in Table II are the highest torque
for different tuning options on the same machine under a
high supply frequency with the assumption of continuous
resonance. The peak torque in motoring mode, including the
pure air-cored machine, can be ranked as follows,

— T(C)

pk,mot.

<TQ o < TH

(d)
<T pk,mot. pk,mot.

pk,mot.

7

pk,mot.

(25)

It can be seen that, the pure air-cored machine has the lowest
motoring-mode torque capability. Tuning options (a) and (c)
have the same value and the highest torque capability, though
they are not considerably larger than options (b) and (d), their
location at small slips however may lead to more efficient
operation.

B. Efficiency

Because the efficiency is independent of the stator capaci-
tance, options (c) and (d) have the same efficiency characteris-
tic with the pure air-cored IM. As shown in Table III, in terms
of the peak efficiency slips, s,,, for the same tuning option, the
motoring-mode peak efficiency slip is located closer to the
synchronous speed than the generating-mode peak efficiency
slip. i.e. [Sy,mot.| < |Sy,gen.|. The distance between s = 0
and s, of the four tuning options under both generating and
motoring modes can be ranked as

o] i

<1 (26)

= 's;d)‘ < ‘s%b)‘ < ‘s%“)

so all s, are much more smaller than 1, as a result, tuning
options (a) and (c) could have the ability to produce high
torque at high efficiency because their peak efficiency slips

and peak torque slips are close to each other, while options
(b) and (d) whose peak torque slips are located further from
peak efficiency slips may not be able to attain both high torque
and high efficiency simultaneously.

In terms of peak efficiency, under both motoring and gen-
erating modes,

©0) _ (o _ (D) (v) (a)

npk - YIpk T 'Ipk < npk < npk (27)

tuning options with rotor capacitors exhibit the potential to
achieve higher efficiency than the options with stator capaci-
tors only.

Also, the ACRIM general efficiency expression (9) can
be treated as a function of the rotor capacitor reactance,
n(X¢,.)- For a prescribed slip and supply frequency, the rotor
capacitor can be tuned to maximize the efficiency by enforcing
on(X¢,)jox,, = 0, which yields X[, = s3(X], + X,,,). This
solution is valid for both motoring and generating modes and
is same as the rotor capacitor tuning in option (a).

The efficiency expressions of the four different tuning op-
tions and for a pure air-cored machine at a prescribed slip s
are:

+1

1—s59)s
nie = (RRﬂ (28)

)zvzn + S0

+1

1—50)s

R e )L - 9)
)225 + So (1 aF Soﬁ)
1 (s0) = ' (s0) = 1 (s0)
+1

(1 — S()) S0 (30)

2
R.R, R, (X}, +Xm)
z soll+som—5——
X2 =F 0 ( =F OR; X'rQn

m

where + and — represent motoring and generating modes re-
spectively, the subscript “res” means tuning criteria (a) and (b)

are fulfilled at sg. It can be seen that, for the same slip in mo-

toring mode, 7®)(sq) = 0¥ (s9) =0 (s0) < nﬁlé)s < nﬁ‘ég

This shows that the tuning options with the rotor capacitors

o RUAJR2 4+ (Xig 4+ X,
spr =+ - - (21)
VR O, + X000 4 (X0 X+ X, (X + X))
V2 o1 1 -
0 mppVs
%L;2&Qip&J@%mmxmﬂ%awxﬁ+mwﬁaﬁmmaﬂ) (22)
R (Xps + X R (X1s + Xom R
P~  (Xis + Xm) <XX—£X£"J(FX lX <gr<l @
VR (XY, 4 X + (Xt X+ X, (X X,))7 0o X (et X)X,
-1
(0) mp, V¢ 1 1 2 2 (d)
Tpk,mot. Tgm 1+ m (R%+(Xl9 +Xm) )R% (Xl/r+Xm) < Tpk,mot. (24)



will have a higher efficiency at the resonance point compared
with efficiency of ACRIMs without rotor capacitors and for a
purely air-cored IM at the same slip in the motoring mode.

C. Power Factor

For pure air-cored machines, its terminal reactance is always
inductive so its terminal power factor is always less than
unity throughout the whole slip range. After adding capacitors,
the terminal reactance and power factor expressions under
continuous resonance can be derived by substituting the cor-
responding tuning criteria into the general terminal reactance
and power factor expressions, (7) and (10), respectively.

For tuning options (a) and (c), the power factor remains at
1 throughout the whole operating slip range under continuous
resonance, which means, for fixed-value capacitors, unity
power factor is achieved at the prescribed slip sg.

For tuning (b), the power factor and terminal reactance
expressions under continuous resonance are

1
(®) (o) —
pt'”(s) = — 31
1+ r—m 3
\/ (R2R.+s(R,+sR.)X2,)
xX"(s) = R?X,,/ (R? + s*X2) 32)
When s = 0, pf(b) = 1//T+x2/r2 < 1, when s = =1,

Xt(b) ~ R?/x, ~ 0, as a result, if the prescribed slip s¢ is
close to the synchronous speed, the power factor at sg is low.
If s is close to 1, the power factor at sq is nearly unity.

For tuning (d), the power factor expression is (33), the

terminal reactance expression is
R/2X2
X(d) s) — r “Am 34
G VRS O (Rrrs s o B
when s = 0,
1
pf@(0) = <1 (35)

4
so the machine has a low power factor around synchronous
speed. However, when s = £1, X\ ~ RZX2 /(X[ + X,)* &
0, the equivalent-circuit terminal impedance, Z;, is dominated
by the resistance, I, therefore the machine has a nearly unity
power factor at higher slip.

D. Capacitance

The range of stator capacitor reactances under tuning (c) is
analyzed by differentiating X g S) with respect to s, it is found
that, Xéc)(s) reaches its maximum at s = 0 and X((JCS)(O) =
Xé‘?, chs)(s) approaches its minimum when s — £oo and

limg 400 XCCS (s) = Xéds), so X ¢ in tuning (c) is larger than

tuning (d), and smaller than tuning (a) [29]. Tuning (b) has
the smallest Xcs. The stator capacitances of the four tuning
options ranked in the order from the smallest to the largest are

O <l < oD < oW (36)

The actual rotor capacitance, C, = k2C! = k*/(wex},), is
affected by both the effective stator-to-rotor winding turns
ratio, k, and the prescribed slip, sq, because |sp| is less than 1
and usually close to 0 for higher efficiency, k is relatively small
compared with 1/s2, as a result, C,. can be orders of magnitude
larger than C;. However, the capacitor size depends on the
stored energy rather than the capacitance value: the analytical
expressions for the stored energy in stator and rotor capacitors
have already been derived in [26].

IV. AN ACRIM CASE STUDY

The quantitative comparisons in this section refer to a three-
phase, six-pole air-cored IM prototype with the measured
equivalent-circuit parameters given in Table IV. The supply
terminal voltage and frequency are 150V RMS and 1.5kHz.

A. Assuming Adjustable Capacitor Values

Fig. 2 presents the efficiency versus torque loci, and torque,
efficiency, power factor versus slip characteristics for the four
different tuning options assuming adjustable capacitor values
with slip for options (a), (b) and (c), which in practice,
are plotted using (8), (9) and (10) by varying the slip and
simultaneously adjusting the capacitor reactances according
to expressions in Table 1.

The efficiency-torque loci of tuning options (a) and (c)
overlap over the small slip range in both motoring and
generating modes and exhibit the same peak torque capability
under motoring mode shown by the nose on the right-hand
side of the loci with around 50% efficiency and 27.1Nm
torque. The efficiency-torque locus of tuning (d) approaches
tuning (c) when slip goes higher, but the peak torque for
tuning (d), 27.08Nm, is located at a slip of 1.02 which is
outside the operating slip range thus cannot be observed on
the torque-slip curve. A similar situation happens to tuning (b)
whose peak torque, 27.09Nm, is located at the slip of 1.99.

TABLE IV: EQUIVALENT-CIRCUIT PARAMETERS OF A THREE-PHASE, S1X-
POLE, AIR-CORED INDUCTION MACHINE PROTOTYPE *

Symbol  Unit Value
Stator-to-rotor turns ratio k / 1
Stator resistance Rs mS2 198.20
Referred rotor resistance R] m$ 393.93
Stator leakage inductance Lis pH 251.363
Magnetizing inductance L pH 495316
Referred rotor leakage inductance L. pH  196.779

* The parameters are per phase values.

’ (RPR, + Ry X2, + 5 Ry (X[, + Xin)?) (X, + Xm)’

pt(@(s) =

\/ (P + 52 (X[, + X)?) ((sRs (X

(33)

2
X R (LR (X + X))
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a good starting point to search for high-efficiency and high-
torque operating points [29]. Besides, peak efficiency points
are more universal and can be found in both motoring and
generating modes, while peak torque points can fall outside
the operating slip range.

The efficiency-torque loci, and torque, efficiency, power
factor, stator current versus slip characteristics for the four
tuning scenarios and the pure air-cored IM are presented in
Fig. 3. The capacitor values and key machine performances
are summarized in Table V.

As shown in the torque-slip characteristics, tuning options
(a) and (c) exhibit similar characteristics though (a) is able to
achieve higher torque at lower slip so (a) has more overload
capability than (c). Conversely, options (b) and (d) are inca-
pable of producing high torque at low slip and therefore are
inevitably characterized by lower efficiency as demonstrated
in the efficiency-torque loci. It should also be noticed that
though tuning (a) gives higher peak torque than tuning (c),
its efficiency drops quite significantly as soon as the slip is
below 0.04—its peak-torque efficiency is 38% and is much
lower than that of tuning (¢) which is 84%. In addition, the
peak torque of tuning (c) can be boosted to the same value as

Power factor
S
W
f
T
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Fig. 2: Efficiency-torque loci, and torque, efficiency, power factor versus slip
characteristics for the four tuning options assuming adjustable capacitors with
slip for options (a), (b) and (c) and for the pure air-cored IM. The arrows on
the efficiency-torque loci show the direction of travel of the operating point
when the rotor speed moves away from the synchronous speed.

For the efficiency-slip characteristics, all four tuning options
show higher efficiency at lower slip, and the peak efficiencies
ranked from the highest to the lowest are 88.72%, 86.02%,
83.85% under generating mode and 88.72%, 86.65%, 85.04%
under motoring mode for options (a), (b), (c,d) and pure air-
cored machine respectively. The power factor curves of tuning
options (b) and (d) decrease quickly when the slip is below 0.2,
which suggests that high power factor cannot be maintained
at low slip. Compared to the pure air-cored machine, all four
tuning options can improve the torque production and the
supply terminal power factor under the same supply voltage
without scarifying the peak efficiency.

B. Fixed Capacitor Values

In order to have meaningful comparisons of the machine
performance under different tuning criteria, the capacitor sizes
which are dependent on the slip are fixed to achieve resonance
at the peak efficiency points in motoring mode specified in
Table III. Therefore, the rotor capacitor values for tuning (a)
and tuning (b) were set with sg = 0.0564 and sy = 0.0465
respectively, whereas for tuning (c), the stator capacitance
was set with so = 0.0407. Although the prescribed slip, sg,
of tuning (b) does not correspond to its peak efficiency slip
under the fixed-capacitor operation, this approach still provides
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Fig. 3: Efficiency-torque loci, and torque, efficiency, power factor, stator
current versus slip characteristics for the four tuning options with fixed
capacitor values and the pure air-cored IM. The arrows on the efficiency-
torque loci show the direction of travel of the operating point when the rotor
speed moves away from the synchronous speed.



TABLE V: MOTORING-MODE MACHINE PERFORMANCES WITH FIXED CAPACITOR VALUES

Symbol  Unit Withp ut Tuning option

capacitors a b ¢ d
Prescribed slip S0 / / 0.0564 0.0465 0.0407 /
Stator capacitance value Cs uF / 15.0773 447875 17.7067  28.7050
Peak energy of stator capacitor Ecs pk J / 213.8351 1.4512 6.3101 27.6560
Rotor capacitance value Cr mF / 5.1172 26.4634 / /
Peak energy of rotor capacitor Ecrpk J / 2.4498 0.0295 / /
Peak efficiency slip sy / 0.0407 0.0564 0.0383 0.0407 0.0407
Peak efficiency Npk % 85.0437 88.7239  86.9339  85.0437  85.0437
Power factor at peak efficiency slip  pf(sy) / 0.2799 1 0.4605 1 0.6055
Torque at the peak efficiency slip T(sy) Nm 0.8542 6.0902 1.9951 10.9029  3.9978
Peak torque slip sT / 0.1149 0.0179 0.2007 0.0279 1
Peak torque Tpk Nm 1.3432 12.6117 54122 11.5285  27.0749
Efficiency at the peak torque slip n(sT) % 77.3710 37.9016  66.1056  84.0994 0

tuning (a) at the expense of peak efficiency if the prescribed
slip moves away from the peak efficiency slip to a smaller slip
[29]. The efficiency of tuning (a) is negative over a relatively
larger slip range under generating mode because of the high
magnetizing current at low slip, as a result, the input energy
is absorbed by the machine itself. The efficiency-torque loci
show that tuning (c) is capable of producing high torque while
maintaining high efficiency in both motoring and generating
mode compared with other tuning options. Both tuning options
(a) and (c) achieve unity power factor at their corresponding
peak-efficiency slips and maintain a higher power factor than
options (b) and (d) around their peak-efficiency slips. The
capacitor sizes of the four tuning options ranked from the
largest to the smallest are c® > o s o s ol >
CS(C) > C’S(a), and the rotor capacitances are about hundreds of
times larger than the stator capacitances for the same tuning.
The peak values of the capacitor stored energy in motoring
mode ranked from the highest to the lowest are Egl S)mk >
B > ES) > B8 > ES) > ES) LTt can be
seen that more energy is stored in the stator capacitors than
the rotor capacitors for the same tuning method, and tuning
option (a) has a much larger overall capacitance requirement
compared with tuning (c). Furthermore, the stator current
characteristics reveal that tuning (a) suffers from a severe stator
overcurrent when the slip approaches zero, because its stator
capacitor cancels out the stator self-inductance and the stator
current is then only limited by the small value of the stator
resistance. Conversely, tuning (c) has about five times smaller
current around synchronous speed so does not suffer from
this drawback. The capacitor selection should also consider
the worst-case scenario: depending on the slip, apart from
the larger rotor capacitance, the overcurrent under tuning (a)
around synchronous speed also leads to a higher rated stator
capacitor. In summary, tuning (c) exhibits the ability to achieve
both high-efficiency and high-torque operation and can be the
most practical choice among the four tuning options.

For a practical implementation of tuning (c), the stator ca-
pacitor can be tuned to compensate for the machine effective
terminal reactance at the peak-efficiency point of the ACRIM
for a given operating condition. Although resonance can only
be attained at one specific combination of supply frequency
and slip for a fixed capacitor value, it was found that high

efficiency operation could still be maintained over a reasonably
wide speed range, as shown in Fig. 4, when the slip is lower
than 0.1 and the supply frequency above 1kHz. In this case,
most operating points have efficiency values higher than 80%,
so for variable speed operation at other non-resonant points,
high efficiency can still be maintained and the supply volt-
age can be adjusted by the converters to achieve the required
torque. Fig. 5 compares the supply terminal voltage versus
supply frequency and slip when the stator current is held con-
stant at 85A for the pure air-cored IM and for the ACRIM
under tuning (c). It can be seen that for the pure air-cored IM,
the supply voltage increases when the supply frequency in-
creases because of the increasing terminal impedance at higher
speed. On the other hand, the ACRIM under tuning (c), its
stator capacitors cancel out the machine terminal reactance at
1.5kHz supply frequency and 0.0407 slip, which is the peak
efficiency point under a 1.5kHz supply frequency, so around
the resonance point which is marked by the red “+” sign in
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Fig. 4: Efficiency versus supply frequency and slip for tuning (c) with fixed
stator capacitor value. The chart is also valid for a pure air-cored IM.
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Fig. 5: Supply voltage versus supply frequency and slip for a pure air-cored
IM (left subplot) and for tuning (c) with fixed stator capacitors (right subplot)
when the stator current is held constant at 85A. The red “+” sign shows the
point when the supply frequency is 1.5kHz and the slip is 0.0407, i.e. when
tuning (c) is at resonance.



Fig. 5, the supply terminal voltage is significantly lower than
the supply voltage needed for the pure air-cored IM. As a
result, using tuning (c) can also reduce the supply rating for
high-speed air-cored IMs.

V. EXPERIMENTAL VALIDATION

In this section, the air-cored wound-rotor IM with parame-
ters shown in Table IV is used for experimental validation.
Based on the analyses in the previous sections, option (c)
is selected to tune the capacitors to compensate for the
machine effective terminal reactance at the peak-efficiency
slip. The machine performances with and without capacitors
are captured and compared.

As shown in Fig. 6, Fig. 7 and Fig. 8, the ACRIM is
composed by the air-cored IM and capacitors connected in
series with the stator windings in the experimental setup. The
rotor is driven by a prime mover and the ACRIM is supplied
by a three-phase inverter. The rotor winding is short-circuited
and the mechanical speed limitation of the rotor is 3krpm, so
the supply frequency is fixed at 150Hz. Due to heating issues,
the supply voltage RMS value is set to 10V. Based on the
expression in Table I for tuning (c) and choosing the prescribed
slip for its peak efficiency in motoring mode as shown in
Table III, the required phase stator capacitance is calculated
as 1.647mF, four AC capacitors are connected in parallel in
each phase to achieve the required capacitance as shown in
Fig. 7, the measured capacitance of the actual capacitors is
1.653mF per phase.

Fig. 9 shows the comparison of analytic and tested machine
performances with stator capacitors tuned to option (c) and
without capacitors. The analytic results are calculated using
the equivalent circuit model shown in Fig. 1 with 1.647mF
capacitor per phase and the machine parameters shown in
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Fig. 9: Torque, efficiency, power factor and stator current versus slip char-
acteristics of the air-cored IM with stator capacitors tuned to option (c) and
without capacitors.

Table IV. It can be seen from the results that the equiv-
alent circuit model is accurate in describing the operating
characteristics of ACRIMs. The fundamental power factor at
the supply terminals remains closer to unity after adding the
capacitors. Under the same supply voltage, more torque is
produced after adding stator capacitors because more current
can be carried by the stator winding. The torque of the pure
air-cored IM decreases when the rotor speed increases and
its peak value is outside the operating slip range because of
the low supply frequency and R, R, < X,,, X, X],. is
no longer valid in this case. After adding stator capacitors,
the efficiency-slip characteristic is not affected, and the unity
power factor is achieved at the peak efficiency slip of 0.28,
as designed. The measured peak efficiency is 28.2%, which is
very low but this is caused by the low supply frequency and
the speed limit due to the mechanical limit of the prototype
rotor. The analyses in previous sections however show that
the efficiency can be substantially improved when the supply
frequency is high and the slip is small, as shown in Fig. 4. The
performance of ACRIMs tends to improve with frequency so
for high-speed machines, they have the potential to achieve
high power density and high efficiency. ACRIMs are also
suitable for applications where lightweight or low inertia is
important. In variable-speed applications, ACRIMs can be
driven using conventional field-oriented control to provide
stable, controllable machine operation.

VI. CONCLUSION

This paper analyzes four different tuning options for the
capacitors in ACRIMs and validate its operating principle



experimentally. The study reveals that tuning the stator and
rotor capacitors in order to resonate with the stator and rotor
self-inductances respectively, i.e. tuning (a), gives the highest
peak efficiency among the four options when the capacitor
size is fixed. However, it is difficult to maintain both high
efficiency and high torque at the same point—its torque at peak
efficiency slip and efficiency at peak torque slip are lower than
tuning option (c) which removes the rotor capacitors and tunes
the stator capacitors to compensate for the total equivalent
reactance seen from the stator terminals. Tuning (c) has a
similar torque-slip characteristic and can achieve the same
peak torque as tuning (a) by varying its prescribed slip. In
addition, the size of rotor capacitors in tuning (a) can be very
large because of the low slip frequency in the rotor circuit.
Bulky rotor capacitors may also be difficult to fit in a high-
speed rotor and they can further reduce the power density
of the machine. Tuning (c) has the advantage of eliminating
the rotor capacitors and its stator capacitor size is also orders
of magnitude smaller than the rotor capacitors in tuning (a).
Finally, tuning (c) avoids the issue of stator overcurrent when
approaching zero slip which tuning (a) suffers from. Compact
analytic expressions for the maximum torque and maximum
efficiency and related slip values under the continuous reso-
nance assumption are also presented to ease the optimization
procedure for designing ACRIMs. Experimental validation of
tuning (c) on an air-cored IM shows that the torque production
is improved compared with the pure air-cored IM under the
same supply voltage, and resonance, i.e. unity power factor at
the supply terminal, is achieved at the peak efficiency point
as designed.
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