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A Novel Induction Machine Design Suitable for
Inverter-DrivenVariable Speed Systems

Z. M. Zhag Senior Member, IEEES. Meng, C. C. Chariellow, IEEE and E. W. C. LoMember, IEEE

Abstract—induction machines designed for inverter-driven the efficiency and improving the power factor [5]. Furthermore,
variable speed systems are different from those fed directly from gptimization of the geometry of the rotor slot for cage induc-
a utility power line. In this paper, a novel design approach for - tjon motors has led to reduced harmonic losses [6] and static
inverter driven induction machines is presented and implemented. _. . . .

This is followed by an investigation on sizing equations and rotor 2ir9ap eccentricity [7]. The work of [8] discussed the design and
slot shape specifically for this purpose. The proposed approach analysis of the inverter fed high speed cage induction motors
permits the integration of the design of machines with inverters, for good efficiency, high torque performance, and wide speed
comprehensive performance analysis, and system optimization, range. However, most of the work done mainly has a focus on
resulting in 20-30% higher power density for the induction o hegative impacts of an inverter on the induction machine,
machine than those designed for direct utility power supplies . . . .
by conventional methods. Simulation analysis and experimental SUCh s high switch frequency, harmonics, high voltage pulse,
results are presented to substantiate the conclusions. etc. A§ a matter of fact, the inverter drive also PrOV'des plenty

Index Terms—nduction machine design, inverter drive, variable of positive eﬁeCt.S FO the maCh'ne’ such as Va”able frequengy,
speed. vector control, minimum slip control and others, which benefit
machine design very much.

In this paper, new design strategies of an IDIM are proposed
and implemented, which make full use of the benefits from the

NVERTER-DRIVEN induction machines (IDIM) are theinverter. First, the paper compares the operational conditions

prime choice of variable speed drives in a wide field of af an induction machine powered by an inverter, as opposed
plications due to their low cost, simple and rugged constructidi®, those fed directly from commercial power lines. The design
high reliability, minor maintenance, and well developed contréleedom gained by using an inverter is highlighted. Then, basic
algorithms [1]. Before the 1990s, however, the major attentiglesign strategies for an IDIM are explored. In particular, im-
had been given to the development of solid-state inverters api@ved design equations are discussed to characterize the design
control algorithms, and the induction machines themselvasd performance analysis of an IDIM. Based on these equations
had not gone through any profound changes compared to éheomputer aided design package is developed which is capable
solid-state inverter counterpart within the same system. Th@$ designing and conducting electromagnetic, thermal and me-
the variable speed systems, particularly, high-speed drives @hénical analysis for IDIM’s. A family of parametric curves is
large machines still have the problems of low power factor, lothen analyzed to illustrate the advantages of IDIM designs for a
efficiency and poor utilization of the inverter. In fact, with thewide range of power ratings. Finally, a practical IDIM of 15 kW
inverter as the power supply, the operational conditions of &@ting is constructed based on the proposed design strategies and
induction machine are much different from the convention&fie computer aided design package. Experimental results are
supply with fixed voltage and frequency, which implies thagiven to detail the design and performance analysis of the IDIM
the design of induction machines should be reconsideredas compared with that of a conventionally designed system.
make them more suitable for the inverter-driven variable speed

systems. Il. OPERATION CONDITIONS AND DESIGN STRATEGIES

Since the early 1990s, more attention has been given to th . " . . .
area and in 1991 an IEEE special task force was organized t(e)l'he operational conditions of an induction machine have to

investigate the needs for industrial standards for AC inductiéwdelrg? a gr_eat ihange YVh_errr'] It r::oves fr]f)m the (c:jonvfe ntlonlal
motors intended for use with adjustable-frequency control@HPP'Y 10 an INVerter supply. 1he change ot the mode ot Supply

[1]. The work reported in [2], [3] studied the influence of IoadN'” not only influence the machine operation, but also the ma-

and rotor slot design on harmonic losses of inverter-fed indu(fthlne design.

tion motors by finite element analysis. A design strategy for . . .

an IDIM has also been proposed in [4], [5] and correspondiriy 'nVerter-Driven Operating Conditions

computer aided design package was developed for maximizingrhe remarkable difference between the inverter supply and
the utility line supply of an induction machine is that the former

. INTRODUCTION

Manuscript received March 3, 1999; revised April 7, 2000. can change its frequency and input voltage flexibly, whereas
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inrush current, generating as much as possible starting torque,
and ensuring a high starting efficiency. To meet the start-up

requirements, the design strategy is searching for means to
maximize the skin effect and to increase the rotor resistance
during starting.

However, in designing an IDIM, the strategies are very dif-
ferent. Weighting assignments to Items 1) through 3) can be
entirely changed because the two benefits are gained from the

0 Speed (ﬂcraTcd inverter supply, i.e. a) the sta}rt-up characteristics with a fixed
frequency can be completely ignored; and b) the most favorable
slip frequency can be selected to maximize efficiency. Thus, it
is logical to assign all the design weighting to ltems 2) and 3).

Fig. 1. Torque-speed in variable frequency operation. Removing the weighting of Item 1) implies that restrictions im-
posed by rotor slot shape can also be lifted. The design with in-
v verter driven condition allows the stator and rotor slot numbers,
v > V> V, shapes, gnd size to be optimized exclusively for minimizin_g the_
fo > fo> fea I_eak_age inductance and re3|stqnce. In general, the effective uti-
N g Opecating Point lization of rotor slot area can be increased. Consequently, the ad-
vantages associated with the reduced rotor leakage inductance
v, and resistance, such as increased peak torque, improved effi-
‘ ciency and power factor, can be expected.
Vo The new design strategy has the potential to downsize the in-
B> duction machine by about one or two frame size, without sac-
' rificing its capacity and performance. This is because the de-
sign strategy based on inverter-driven conditions emphasizes the
Fig. 2. Torque-speed curves with variable voltage and frequency. characteristics in variable frequency conditions rather than the
fixed frequency start-up characteristics. In such a case, the in-

This moveable torque-speed profile ensures that the linerter can control the induction machine so that it is operated
start-up performance of an induction machine under a fixedways at a point close to the maximum torque, maximum ef-
synchronous frequency and other considerations becofizgéency and improved power factor. As a result, these maxi-
unnecessary. Essentially, it is possible that the line-start torguems can be introduced to the sizing equations, in place of the
can be replaced by the peak torque, and also the rated torgtigting torque, the conventionally defined rated efficiency and
can be set at a most favorable slip frequency, resulting inttee power factor.
minimized slip power losses and stray iron losses. Reference
[9] analyzed the situation as shown in Fig. 2. Fig. 2 shows @ll. M AJOR DESIGN EQUATION AND IMPROVED ROTOR SLOT
comparison for three torque-speed curves at different supply SHAPE
frequency and voltage. Obviously, a small operating slip
frequency can be obtained by choosing a proper volfége

Torque

‘ @, increases

i ——
@, decrcases

TORQUE

"""

SPEED

Many equations used for conventional induction machine de-
and frequencyfs, thus a maximum efficiency can be achieved'd" and qnaly3|s nggd modifications or new mterpret'a'uon for
inverter driven conditions and only those related to sizing the

under the minimum slip control. S . I L .

: : . : . main dimensions and designing the rotor laminations are dis-
With an inverter as the power supply, an induction machine

. ; ; . . cussed here.

can be conveniently controlled with a field orientation schemé.

In the rotor field oriented reference frame, the stator currept

of the induction machine can be decoupled into torque- and o _ o _ )

flux-producing components by a vector controller, and the flux- AS &ll know, the sizing equation for main dimensions applied

producing component can be minimized to enhance the povi@f conventional induction machines is in the form of

factor and efficiency of the machine. P, 9
— =¢&Dj1 (1)

ns

Main Dimensions

B. Design Strategies
. . . . The equation relates to the output pow®y, and the syn-
In a conventional design for commercial power lines, th ronous speed, to the rotor volumeD2l, where D; is the

basic considerations are: 1) to satisfy the required St"’"t"s"%tor inner diameter andthe rotor effective length, through

characteristics; 2) to provide appropriate steady state Chargﬁ'output constargtwhich is expressed as follows
teristics, emphasizing efficiency and power factor; and 3) to

permit easy and economic manufacturing. Items 1), 2) and ¢ = CByAncos ¢ )
3) are generally assigned with weightings of 50%, 30% and

20%, respectively [4]. The conventional design strategy implieghere

that in a standard induction machine design, the primary5, = flux density in airgap

concern is the start-up characteristics, which include limiting A = surface current density in stator inner circle
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C = machine constant e
7 = efficiency
cos ¢ = power factor 1
Inspecting (1) and (2), itis seen that there are no relationships
connecting these airgap quantitiét, and A, with the flux and
current densities existing in the machine’s interior. In fact, ma- § I
chine size is affected by the complete stator geometry which "
includes the relative proportions of the stator inner and outer di- ', by
ameter, slot and tooth dimensions, flux densities in the iron parts 2
and the actual current densities in conductors. In particular, with _ o _ _
aninverter as the power supply, the flux and current usually Cdﬂg. 3. Typical rotor slots for conventional induction machines.
tain some harmonics which directly affect the machine size. In ] ) )
order to consider the key factors, [10] presented a size equatiyiereéc is the ratio of harmonic and fundamental components.

as follows Each flux density is weighted k. Sinces is canceled in the ra-
tios of flux densities, only the flux density in airgap is weighted
Py — F(ND?I ©) by 3. Thus a new functio'(\) is defined as
g ?
FO\) =8+ f(\) (6)

in which the inner diameteD; and output constarg are re-
placed by stator outer diametB, and an output functiofi(X), ~With this new function, the main dimensions of an induction
respectively.f( ) is a function related to the ratio of inner tomachine can be obtained with both optimal proportions of iron
outer diameter of the stator. TIfé)) can be expressed as belowand copper and taking into account the impact of the inverter.
On the other hand, maximum efficiency and improved power

FO) = C1By i KeuQu Ky | Kenpcos ¢(aX® +bA* +¢X) (4)  factor should be considered in (6) for an IDIM design because of
the reasons stated in the above section. Thus, (3) will be utilized
to determine the main dimensions of an IDIM by substituting
F(x) for f(A).

In summary, even though the harmonics from an inverter may
add negative impact on the IDIM, the end results of considering
all of the factors brought by the inverter is that either the volume
of the machine can be significantly reduced or the power rating
can be increased.

C: is aconstant,

Ji is current density in stator slots,

K., the ratio of the conductor area to slot area,

¢, the number of stator slots,

K, winding factor,

K. voltage factor, and

A is the ratio of inner to outer diameter of the stator.
The coefficientsqa, b, ande, can be expressed as follows

B. Rotor Slot and Rotor Resistance

s 2 Q1 ™ . . . . L.
a= Qi +n (G + Ge) In + 3 For a conventional induction machine, it is common to adopt
' 5 adouble cage or deep bars as shown in Fig. 3 to increase the skin
_ [l (1— Gt):| Q1 effect for large rotor resistance during starting and high starting
1 4r torque.
- 2 0, With skin effect considered, the effective rotor resistance fol-
b=— G Jl=—+- lows the equation
(@) @reaG+3) q
L. bLhy—1
= |ky— + T 7
= (g=) (2+7) Ak v
Q+m am 8 where
whereG, is the ratio of flux densities in the airgap and the stator 7» IS the nominal rotor resistance without consideration
teeth, and?, the ratio of the flux density in the airgap and the of skin effect,

stator core. As long as the coefficients,b and¢, are deter- & the length of the rotor conductor,

mined, f(\) is a third-order function of. Therefore, a suitable /e the effective length of the rotor core, and

value of can be figured out by solving the third order equation k- & coefficient accounting for skin effect.

to obtain the maximum value of()), i.e., maximum output Note thatk, is a function of slot factor as shown in Fig. S

power. is defined as

Regarding to harmonic concerns, however, it is not enough by b
considering only the ratio of inner to outer diameter in designing SF = 0.1987 hyy | —— sf 8)
a machine fed from an inverter. To solve this issue, a weighting br - p

related to the ratio of inverter’s voltage harmonics and fundm1ere

mental components is proposed: hy, is the height of rotor conductor,

1 by the width of rotor conductor,
p= 1+a ®) b,  the width of rotor slot,
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T C. Rotor Slot Leakage Reactance

b1 As well known, rotor leakage reactange of an induction
machine is proportional to the leakage permeangejeter-
mined b
hy y
zo=k-p 9)
}4— A —>| Fig. 6 illustrates the relation of the rotor slot leakage permeance

p to the shape of the rotor slot featured b, andb; /bs. As

can be observed from Fig. 3 (right figure), a deep s {2 >

2) with a tip-up triangular shapeé{/b> < 0.6) has a very large

p and, thus, substantially increases the rotor leakage reactance.
sf  the slip frequency, and With no considerations given to the starting characteristics,
p the rotor conductor conductivity. the rotor slot can be wider and shortér/§, < 1.5 and

Basically,SF relates to slip frequency and the rotor slot heigtt: /b2 > 0.9) under the limitation of the flux density in rotor

to the effective rotor resistance. As shown in Fig. 4, the ratfgeth. This results in a much reduced rotor leakage reactance.

by /b, also affectsk; significantly. A smaller rotor leakage reactance, in turn, contributes to an
In general, the deeper the rotor slot is and the higher the sipProved power factor and increased peak torque. Combined

frequency is, the larger tH&F and the effective rotor resistanceWith the reduced rotor resistance, a small leakage reactance

will be. Itis seen that the line-start requirement of a conventionis0 helps to reduce the slip frequency for the rated torque, and

induction machine will resultin a larg# value. Another factor reduce the slip frequency variation for a different torque level.

affecting SF is the required speed range at a fixed frequency.

For a conventional induction machine operating in a range ofl\V. DESIGN, ANALYSIS AND EXPERIMENTAL COMPARISONS

0.80-0.95 synchronous speed, the rotor slot area has to be larg

than that with a small slip. A larger rotor slot is chosen to avoit% :ir:g(teivg?g?nnte?trra(:tee%lefjei?sr?ngegalt?onsse(;trzonSe”cti)nnd ItITearael-
excessive losses when the slip is higher. y P gn €q

i . ) implemented in a computer aided design package, IDIMCAD,
Inspecting (7) and (8) and Fig. 4, it can be observed thajwich will be presented in another paper. In order to substan-

the rotor slot in a conventional design is inevitably deeper at . . . )

. . . tiate the proposed design strategies, the design, analysis and
bigger than what actually is needed, if only the rated steady state ~ . , . : .
Eﬂxpenmental results for IDIM’s are presented in this section.

operation is considered. As discussed previously, the inver L v, a family of parametric curves is aenerated to show the
power supply is able to create such an operating condition so t 4pty: !y of p \ 9 .
neral merits of IDIM’s. Then, the section will compare, ex-

. . . . . . e
even if the machine is continuously in a variable speed mods. " ; . . X ;
rimentally, a conventional designed machine with a practical

it only experiences what the machine normally encounteredp§ . .
the rated steady state operation. Based on these consideratilonlg/,l’ which was designed by the IDIMCAD package. The

an IDIM generally favors a shorter rotor slot shape with paF_omparison will highlight the improvement in rated output
allel teeth as shown in Fig. 5, which opposed to the deep barSHMer and performance.
double cage shape. The ratig/i» > 1.0 can also be realized. . .

As the results, the effective area of the rotor slot can be r@- General Characteristics Estimation
duced by 15-25% from that of a conventional design without In estimating the characteristics and computing the parame-
increasing the effective rotor resistance. In other words, the &frs of an induction machine designed with the discussed strate-
fective rotor resistance of an IDIM can be reduced by 15-25@tes, the following parametric curves are generated for a typical
while having the same area as that of conventionally designfedir pole induction machine under various levels of power rat-

rotor slots. ings by the computer package:

Fig. 5. Rotor slots suitable for inverter-driven induction machines.
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§

design are smaller than those of a conventional design. The re-
duction in rotor resistance is especially evident when the power
ratings are relatively low. The reduction in leakage reactance is
independent of power ratings.

3) Maximum Torque versus Power Ratingsor a given

§

Conventional

Leakage Reactance(p.w.)
o p
.- @

as{ Inverter-driven voltage, the maximum torque is inversely proportional to
oo the leakage reactance and winding resistance. The maximum
O 160 263 300 480 400 €08 Yo 830 008 iani i
¥ Rated Power (k) torque of IDIM design is larger than that of a conventional one,

and the improvement increases with the increase of the rated
power as shown in Fig. 10.
Fig. 9. Rotor leakage reactance vs. power rating. 4) Slip versus Power Ratingdn a similar way to the rotor
resistance curve, the slip at the rated power of the inverter driven
1) Rotor Outer Diameters and Percentage of Volume Redupachine design is smaller than that of a conventional design
tions versus the Power Ratingds can be seen clearly from@as shown'in Fig. 11. The reduction is more significant for low
Fig. 7, the rated power of an IDIM design is substantially largéloWwer ratings.
than that of a conventionally designed machine for the same
rotor size. In the figure, the percentage volume reduction is d- Experimental Comparisons

fined as To further compare the difference between an inverter driven

Vi -V machine design and a conventional machine design, two induc-
AV = v x 100% (10)  tion machines are designed and tested with the same outer di-
! mensions. Motor 1 is designed using the conventional method,
whereV] is the volume of the machine in conventional desigrand Motor 2 using proposed IDIM strategies implemented by
andV; that in inverter driven design. The figure also indicatethe software IDIMCAD. The two machines’ specifications are
that along with the increase of power rating, the percentagkown in Table I:
volume reduction gets larger. The benefits of designing a highl) Design ResultsTable 1l shows the major design results
power rating IDIM are evident. of the conventional (Motor 1) and the IDIM (Motor 2).
2) Rotor Resistance and Leakage Reactance versus Powefig. 12(a)—(b) show the dimensions and shapes of the rotor
Ratings: As can be observed from Figs. 8 and 9, the rotor relots. Fig. 13 shows the external appearance of the Motor 2 with
sistance and leakage reactance of an inverter driven machiBsekW power rating.
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TABLE |
SPECIFICATIONS OF THETWO MOTORS

COMPARISON OFDESIGN RESULTS

Motor 1 Motor 2 Unit
Stator D./D; 260/ 170 260/ 170 (mm)
Core length 150 150 (mm)
Airgap length 0.5 0.5 (mm)
Stator slot 44 48
Rotor slot 36 38
X,/ 0.77/03126 0.71/0.3005 (Q))
Xm 46.37 52.39 «Q)
X,/Ty 0.76 /03111 0.63/0.2520 (Q)
Stator /rotor iron 24.42/16.15 21.32/1539 (kg)
Stator /rotor copper  10.67/6.53 12.85/7.01 kg)

Excitation Torque»speedt
measuremen
Output  Rated Syn. No.of = No.of 1
Power  Voltage  Speed Pole  Phase o Varabie Torque.
kW) (Volt) ( rpm) Load box generator spe;d gear —  speed
Motor 11 380 1500 4 3 0X sensor
1
Motor 15 380 1500 4 3 firee romome
supply converter
TABLE 1l

Fig. 14. The connection diagram of the test set.

Fig. 15. Test site of Motor 2.

TABLE 11l
COMPARISON OFPERFORMANCES
Motor 1 Motor 2 Unit
Rated input power 12 15 kW
Speed 1464 1465 Rpm
Phase voltage 220 220 Volts
Stator current 20.17 25.03 Amperes
Power factor 0.901 0.908
Efficiency 92.2 91.8 %
Temperature rise 42.38 4465 = °C
) T @V=V) 181.6 218.87 N.m

Fig. 12. Shapes of rotor slots of (a) Motor 1 and (b) Motor 2. T, (atf=5Hz) 102 90 N. m
I, (@V=Vn) 8.1 71 Amperes
I, (atf=5Hz) 39.1 38.0 Amperes

s Y Y
LS,
™
i are optimized based on the functiéifA) for maximum output
4 power.

2) Experiment AnalysisThe practical test set consists of an
IDIM, a torque-speed sensor, a variable speed gear box, a DC
generator, a load box and a 25 KVA converter. The connection
diagram is shown in Fig. 14 and the real test site is shown in
Fig. 15.

Driven by the same inverter, the performance of Motor 1 and
Motor 2 are tested and compared. Table Il summarizes the re-
sults at their rated power, no-load and short-circuit operation

As compared to Motor 1, Motor 2 has the same stateonditions.
outer/inner diameters and effective length, but the stator slotlt is seen from Table Il that at the rated point, the efficiency,
number, rotor slot number, rotor slot dimensions and shapewer factor, temperature rise of the two motors are almost the
are noticeable different. The rotor slot depth of Motor 2 isame. However, the output power of Motor 2 is significantly
decreased by about 20%, and the width increased by ab@&%o greater than that of Motor 1 and the maximum torque of
15%, resulting reduction of rotor resistance by 19% and rotbfotor 2 is almost 1.2 times greater than that of Motor 1. The fig-
leakage inductance by 17%. In addition, the active iron amges imply that if the two motors are designed same rated power,
copper ratio and the numbers of stator and rotor slot in MotortRe size of Motor 2 will be about 25% smaller than that of Motor

Fig. 13. The practical IDIM with 15 kW power rating.
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Comparison of Efficiency
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requirements. The variable frequency provided by the
inverter allows the design to be more focused on the
performance in quasisteady state conditions and system
optimization.

2) Overall size equations for inverter-driven induction ma-

chine design have to be changed, because only the most
favorable operation conditions need to be considered.

3) Being freed from line-start requirement, the rotor slot

number, shape, and size are to be reconsidered. The op-
timal design of rotor slots results in improved maximum
torque, rated slip, and efficiency.

4) If an induction machine is designed in accordance with

Fig. 16. Comparison of efficiency.

§ (1]

g

b4
_ 2]

0 10 20 30 40 50 60
Frequency (Hz)

[—e—Motor 1 ~#—Mator 2| (3]
Fig. 17. Comparison of power factor. (4l
(5]

1. In addition, the no-load curreni,) of Motor 2 is about 13%
smaller than that of Motor 1, which means that the passive power
required by Motor 2 is less than that by Motor 1 due to larger [6
Zm, and smallerzs in Motor 2. As to the start-up feature, the
tests show that both Motor 1 and Motor 2 have enough capai’]
bility to start up from standstill even at a very low frequency

(f = 5 Hz).

Another comparison is done under constant torque condi-8l
tion, the two motors were tested for variable speed performance
under varying input frequency. The results of the comparison
are shown in Figs. 16 and 17 with a constant torque of 77 N.m.[9]

Obviously, the efficiency and power factor of Motor 2 could
be maintained at high values in a wide frequency range, whilgio]
Motor 1 could achieve this only at the rated frequency. This is
a major benefit from the proposed IDIM design strategies for
variable speed systems.

the above strategies and it is possible to increase output
power by 20-30% without sacrificing the size and
performance.
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