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ABSTRACT To achieve optimal voltage regulation and energy savings of an AC induction motor operating
under constant-torque and variable-working-load conditions, and consider a motor’s T-type and 0-type
equivalent circuit, the copper and iron losses of the stator were regarded as invariable losses that were only
related to the stator voltage, and the copper losses of the rotor were regarded as variable losses that variedwith
the load torque. The total electrical loss formula and the optimal voltage regulation formula for the motor
were deduced. The formulas revealed that the total electrical loss of the motor was affected by the stator
voltage and the rotor load torque, and the optimal voltage regulation changed exponentially with the load
torque of the motor. The calculation results of an engineering example showed that when s = 0.01–0.03 and
the motor operated stably, the motor load torque error was not more than 1.8 N·m based on the exact and
approximate solutions of the slip s. The total electrical loss showed almost no calculation error when the
working voltage of the motor was higher than 230 V. The optimal voltage regulation and its error increased
with the increase in the motor load torque, but within the working voltage range of the motor, the optimal
voltage regulation error did not exceed 6 V. The total electrical loss with the optimal voltage regulation
mode and a variable load torque was less than the total electrical loss of a 380- or 220-V constant driving
mode. With the increase in the load rate, the total electrical loss increased. When the motor’s load did not
exceed the medium load and the motor operated with optimal voltage regulation, the energy-saving effect
was significant. In particular, when the motor operated without a load, the total electrical loss was almost 0.

INDEX TERMS Induction motor, constant-torque working condition, equivalent circuit, total electrical loss,
optimal voltage regulation, energy-saving.

I. INTRODUCTION
If the load torque driven by the AC induction motor (here-
inafter referred to as motor) is unknown and has a wide
load-torque range, when selecting the motor, the rated power
of the motor is generally determined according to the actual
maximum load torque driven [1], [2]. For instance, to adapt
to the hoisting load of a crane with a wide load-torque range
and because the crane motion is typically started with a
load, the motor’s rated power is generally greater than the
actual operating power, especially during a working cycle [3],
[4]. Furthermore, the motor of the lifting mechanism usually
operates with a light load, with no load, or with generating
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electricity [5]. Thus, a high-power motor drives a small
load [6]. Furthermore, themotor runs under a constant voltage
power supply, so the motor energy consumption is high,
and electricity waste will inevitably occur [7]–[9]. Therefore,
based on the operation characteristics of unknown and chang-
ing constant-torque load driven by the motor, it is of great
practical significance to study its energy-saving principles
and determine the corresponding energy-saving method. The
paper [10] proposed a sectional control strategy integrat-
ing variable frequency with voltage regulation based on the
mechanical load characteristics of the beam pumping motor
system.

For the loads of fans and general pumps, if the motor
adopts a speed regulation method, such as frequency con-
version or pole change speed regulation, it not only achieves
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motor speed control but also has significant energy-saving
effects [11], [12]. For the crane motor driving system
with characteristics of constant-torque and variable-working
loads, motor speed regulation is adopted to allow the motor
to quickly track the load torque and achieve energy-saving
effects. There are mainly two speed regulation modes: vari-
able frequency speed regulation and pole-changing speed
regulation based on the motor steady-state mathematical
model [13], [14]. The latter is vector control based on a
dynamic mathematical model of the motor [15], [16]. Vec-
tor control theories and methods mainly include adaptive
control [17]–[20], inverse dynamics control [21]–[23], fuzzy
control [24], [25], back-stepping control [26], and sliding
mode control [27]–[29]. However, these energy-saving meth-
ods and measures aimed at regulating the motor speed have
no significant energy-saving effects, and the designs of these
controllers are more complex. Furthermore, the controller
must collect more information about the state variables of the
motor system during operation, so the use cost is relatively
high.

If the load and working conditions of the motor vary
greatly during a working cycle, the input stator voltage can be
adjusted based on the motor’s actual load, i.e., stator voltage
regulation, which is a practical and effective energy saving
method [30]. Energy saving controllers based on motor speed
regulation must collect more motor system state variable
information [31]. In comparison, stator voltage-regulating
energy-savingmethods onlymust adjust the input of the stator
voltage based on the actual load, and thus, they only need
information about motor’s load torque. Therefore, the voltage
energy-saving method is simpler and cheaper.

To achieve voltage regulation and energy savings of the
motor, in general, maximum efficiency or minimum loss of
the motor can be selected as the objective function [32], [33].
For a motor drive system such as crane, because of the wide
range of loads and variable-working load characteristics,
if there is a gradual transition from the motor state to the gen-
erator state for the lifting motor, the motor output power will
change from positive to negative. Themotor input power from
the power grid absorption will also change from positive to
negative, and the power input will even be less than the power
output. The efficiency of the crane motor will change from a
positive value less than 1 to a negative value or even to a value
greater than 1. Therefore, it is not appropriate to choose the
maximum efficiency as the control objective function of the
voltage regulation and energy savings. Instead, the motor loss
should be chosen as the control objective function for voltage
regulation and energy savings.

To minimize the motor’s total electrical loss (hereinafter
referred to as the total electrical loss), the objective function
of the total electrical loss of the motor must be minimized by
adjusting the balance between the stator and rotor copper loss
and the stator iron loss in the total electrical loss [34]–[36].
To achieve this goal, the paper [37] established an electrical
loss objective function for non-uniform loads and used the
Euler–Lagrange equation to determine the optimal voltage.

The paper [38] directly solved the optimal voltage based on
the specific slip. The paper [39] and [40] studied the voltage
regulation and energy savings of motors with periodic load
changes. For the paper [41], the electromagnetic power of the
motor is used to calculate the optimal operating voltage value,
but it is difficult to measure the electromagnetic power in
actual operation. Therefore, in Reference 1, the optimal stator
voltage is indirectly calculated by measuring the input power
of the motor and the stator voltage. Existing problems: (1)
increased the complexity of the calculation; (2) the optimal
stator voltage itself is the result that needs to be calculated.
However, Eqs. (6–7) in Reference 1 are contradictory to a
certain extent by using the stator voltage of the motor dur-
ing operation to calculate the optimal stator voltage of the
motor. Essentially, the principle of establishing the objective
function of the electrical total loss [37]–[41] is to decompose
the total electrical loss into the invariable loss only related
to the stator voltage (the stator copper consumption) and
the variable loss only related to the load of the motor (the
rotor copper consumption). In fact, when the motor drives
a constant-torque load, if the principle above is applied to
establish the objective function of the total electrical loss
and determine the optimal voltage, the calculation process
cannot be simplified. Determining how to further simplify the
calculation process is the subject of this study. On the basis
of the abovementioned studies, according to the induction
motor Ã-type equivalent circuit [42], the stator copper loss
will be regarded as an invariable loss associated with the
stator voltage, and the stator iron loss will be regarded as
an invariable loss associated with the stator voltage (this is
different from previous studies [37]–[41] and is the innova-
tion of this work). The rotor copper loss will be regarded as a
variable loss that changes according to the variable load. The
total electrical loss including the sum of the invariable and
variable losses is established, and the relationship between
the electrical total loss, stator voltage, and load torque is
further obtained. The motor stator optimal regulation voltage
is obtained through a simplified calculation. By comparing
the energy consumption of the crane motor with that of the
constant-voltage power supply, it was shown that a motor
operating with the optimal regulation voltage based on a
changing load torque exhibited a significant energy-saving
effect. Particularly, compared with the experimental results in
the paper [10], the calculation process in this paper is simple.
Especially when the motor’s load is light, it has a smaller total
electrical loss (see Fig. 13).

II. ELECTRICAL LOSS BASED ON T-TYPE EQUIVALENT
CIRCUIT OF MOTOR
The power flow diagram of the induction motor is shown
in Figure 1. Through the air-gap magnetic field and elec-
tromagnetic coupling, the motor absorbs power from the
grid power supply P1, i.e., the motor’s input power. P1 is
transformed into the motor rotor shaft output power P2. The
energy loss includes the stator copper loss PCu1, rotor copper
loss PCu2, stator iron loss PFe, mechanical consumption Pmec,
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FIGURE 1. Power flow diagram of induction motor.

and additional loss Pad on the motor rotor. Pmec and Pad can
be included in the mechanical power of the load, including
the friction loss of the motor bearing, the ventilation loss
caused by the fan, and the brush friction loss for the wound
rotor, which are related to the structural design of the motor
itself. These are outside the scope of this study. The total
electrical loss of the motor is denoted as 6Pj = Pmec + Pad .
The total mechanical loss of the motor is denoted as

∑
P =

PCu1 + PCu2 + PFe. The electromagnetic power Pem after
subtracting the stator copper consumption PCu1 and the stator
iron consumption PFe is denoted as Pem = P1 − (PCu1 +
PFe). Pem is transmitted to the rotor side through the air-gap
magnetic field. The remaining power after subtracting PCu1,
PFe, and PCu2 from P1 is the motor’s total mechanical power
PMEC, PMEC = Pem − PCu2, i.e., PMEC = P2 + Pmec + Pad .
As shown in Figure 2, PCu1, PCu2, and PFe, which constitute
the total electrical loss P, are defined as the product of the
m1-phase stator winding resistance R1, the rotor winding
resistance R′2, and the excitation resistance Rm, respectively.
These are calculated as follows:

PCu1 = m1I21R1
PCu2 = m1I ′22 R

′

2

PFe = m1I20Rm

. (1)

The electrical losses associated with the passing currents
are highlighted by rectangles in the T-type equivalent circuit
shown in Fig. 2.

FIGURE 2. T-type equivalent circuit of induction motor.

If magnetic saturation is not taken into account, the power
consumed by the excitation resistance Rm, namely the iron
consumption PFe, is proportional to the square of the exci-
tation electromotive force E2

m. Generally, Em is close to the

stator voltage U1 and remains constant, so the iron loss is
considered to be an invariable loss. The rotor current −I ′2
increases with the increase in the slip s or the load carried by
the rotor. The rotor copper consumption PCu2 is a completely
variable loss as the motor load changes. When the motor is
operating under power generation conditions, s has a negative
value and the rotor current is in the reverse phase. However,
there is still loss. The stator current varies as the rotor current
changes, so the stator copper loss PCu1 is usually considered
to be a variable loss. According to (1), the total electrical loss
can be described as follows:∑

P = m1(I21R1 + I
′2
2 R
′

2 + I
2
0Rm). (2)

III. ELECTRICAL LOSS BASED ON MOTOR 0-TYPE
EQUIVALENT CIRCUIT
Fig. 2 shows that the stator current vector is essentially the
vector sum İ1 = İ0− İ ′2 of the rotor current I

′

2 and the excita-
tion current I0. Based on the analysis above, the rotor current
depends on the load of the motor, and the excitation current
mainly depends on the stator voltage, i.e., the stator copper
consumption has an invariable loss caused by the excitation
current component that changes with the load, which can be
expressed as follows:

PCu1 = m1(I0 − I ′2)
2R1. (3)

To study the invariable loss component of the stator cop-
per consumption, the direct relationship between total elec-
trical loss

∑
P, stator voltage U1, and load torque TL is

obtained. We considered an induction motor 0-type circuit
that is equivalent to the circuit shown in Fig. 2. In other
words, the excitation branch in Fig. 2 is directly moved to
the power end, and the complex correction coefficient C1
is introduced. We define the following: modified reactance
X ′′1 = C1X1,X ′′2 = C2

1X
′

2, modified resistor R′′1 = C1R1,

R′′2 = C2
1R
′

2, andmodified current ˙I ′′2 =
İ ′2
Ċ1
. These are shown

in Figure 3.

FIGURE 3. 0-type equivalent circuit of induction motor.
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For branch I, if magnetic saturation is not taken into
account, when the stator voltage is constant, the losses due
to resistance R1 and Rm can be expressed as

Pu = m1rU2
1 , (4)

where r is the equivalent conductance of branch I, and
r = R1+Rm

(R1+Rm)2+(X1+Xm)2
.

Fig. 3 shows that Pu represents the invariable iron loss
and stator copper loss caused by excitation current I0.
Equation (4) shows that Pu is only related to the stator volt-
age, so Pu is called the invariable loss of the motor. Corre-
spondingly, branch I is called the constant loss branch, and
branch II is called the variable loss branch.

For branch II, the loss of C2
1R
′

2 is

m1I ′′22 C2
1R
′

2 = m1I ′22 R
′

2 = PCu2 (5)

This corresponds to the rotor copper consumption PCu2 in
Fig. 2.

Similarly, the power consumed over resistance C2
1
1−s
s R′2 is

m1I ′′22 C2
1
1− s
s

R′2 = m1I ′22
1− s
s

R′2 = PMEC. (6)

This corresponds to the total mechanical power PMEC in
Fig. 2.

According to the power flow of the induction motor shown
in Fig. 1 and Eqs. (5) and (6), the electromagnetic power of
the induction motor is

Pem = PMEC + PCu2 = m1I ′′22 C2
1
R′2
s
. (7)

From (7), we can obtain the following expression:

I ′′22 =
Pem

m1C2
1R
′

2/s
. (8)

From the relationship between the torque, power, and angu-
lar velocity, we can obtain the following expression:

Pem = Temω1. (9)

Therefore, the power consumed by the modified resistors
R′′1 and R

′′

2 is defined as the variable loss Pv, which varies with
the modified current I ′′2 , i.e.,

Pv = m1I ′′22 (R′′1 + R
′′

2). (10)

From Eqs. (8), (9), and (10), we obtain the following
expression:

Pv = Temω1
R′′1 + R

′′

2

R′′2/s
, (11)

where ω1 is the motor’s synchronous angular velocity, ω1 =

2πn1/60, n1 = 60f1/p is the synchronous speed, f1 is the
frequency of the power supply, and p is the motor’s number
of pole pairs.

Equation (11) shows that the variable loss Pv of the motor
is only related to the load torque TL, so it is reasonable to
define it as the variable loss. Based on the division of the

losses shown in Fig. 3, the total electrical loss of the induction
motor is the sum of the invariable and variable losses, i.e.,∑

P = Pu + Pv

= m1rU2
1 + ω1s

R′′1 + R
′′

2

R′′2
TL. (12)

Equation (12) expresses the total electrical loss
∑
P based

on the induction motor’s 0-type equivalent circuit when the
motor is running stably. Equation (12) shows the relationship
between the total electrical loss

∑
P, the motor stator volt-

age U1, and the motor load torque TL. Compared with (2),
the objective function of the total electrical loss given by (12)
has clearer electrical and physical interpretations, which can
facilitate the direct analysis and optimization of the motor’s
voltage regulation and energy savings.

IV. OPTIMAL REGULATING VOLTAGE OF MOTOR
ENERGY SAVING
In (12), since the slip s varies with the change of the motor
load torque TL, TL is used to represent s for calculation
convenience. According to the variable loss branch II shown
in Fig. 3 and (9), when the motor is in steady-state operation,
Tem = TL, the torque is expressed as follows:

Tem =
m1U2

1

(R′′1 + R
′′

2/s)
2 + (X ′′1 + X

′′

2 )
2 ·

R′′2/s

ω1

=
m1U2

1 · sR
′′

2

ω1{R′′22 + 2sR′′1R
′′

2 + s
2[R′′21 + (X ′′1 + X

′′2
2 )]}

. (13)

In this case, 0< s <1, so s can be solved in (13):

s = {[m1U2
1 − 2ω1R′′1TL

→ −

√
m2
1U

4
1 − 4m1U2

1ω1R′′1TL − 4ω2
1(X
′′

1 + X
′′

2 )
2T 2

L ]

→ R′′2} · {2ω1[R′′21 + (X ′′1 + X
′′

2 )
2]TL}−1. (14)

In (14), s is accurately expressed by TL. When the
motor operates at steady state, s2 is very small (generally
0.0001–0.0009). After neglecting s2[R′′21 +(X

′′

1 +X
′′

2 )
2] in the

denominator of (13), the approximate torque can be obtained
when the slip s = 0.01–0.03, as follows:

T̃L =
m1U2

1 · sR
′′

2

ω1(R′′22 + 2sR′′1R
′′

2)
. (15)

The error of the load torque calculated by (15) generally
does not exceed 2 N·m (the approximate solution is verified
in Section 5.1), which is a permissible error for engineering
applications. Thus, the following approximate expression for
s can be obtained from (15):

s̃ =
ω1R′′2TL

m1U2
1 − 2ω1R′′1TL

. (16)

By substituting (14) into (12), the total electrical loss of
the motor can be accurately represented by the stator voltage
U1 and motor load torque TL, i.e., the exact solution

∑
P of

the total electrical loss. By substituting (16) into (12), the total
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FIGURE 4. Relationship between the total electrical loss, stator voltage,
and load torque.

electrical loss of themotor can be expressed approximately by
the stator voltage and motor load torque, i.e., the approximate
solution

∑
P̃ of the total electrical loss. The approximate

expression (16) is convenient to use and significantly sim-
plifies the calculation.

Based on the approximate expression of the total electri-
cal loss, the relationship between

∑
P, U1, and TL can be

obtained, as shown in Figure 4, where Fig. 4(b) and (c) show
the TL and U1 sections, respectively. As shown in Fig. 4,

when the parameters of the induction motor are determined,
the stator voltage U1 and load torque TL will affect the
total electrical loss. When the load torque TL applied to the
rotor is constant, there must be a minimum stator voltage to
minimize the electrical total loss. When the stator voltage U1
is constant, the total electrical loss increases with the increase
in the load torque TL. The stator voltage that minimizes the
total electrical loss is called the optimal regulating voltage for
the energy-saving operation of the induction motor, denoted
as U∗1 .
To optimize the voltage regulation and energy savings,

an appropriate voltage must be supplied to the induction
motor stator under a certain load torque, so that the objective
function given by (12) of the total electrical loss can be min-
imized. To facilitate the calculation and avoid complicated
calculations, we can obtain a differential expression for

∑
P

with respect to U1 from Eqs. (12) and (15):

d
∑
P

dU1
= 2m1rU1 −

2T 2
Lω

2
1m1(R′′1 + R

′′

2)U1

(2TLω1R′′1 − m1U2
1 )

2
. (17)

We let d
∑
P

dU1
= 0, and the optimal voltage of the motor

energy saving can be obtained:

U∗1 =



√√√√√ (2R′′1 +

√
R′′1 + R

′′

2

r
)ω1TL

m1
TL > 0√√√√√ (2R′′1 −

√
R′′1 + R

′′

2

r
)ω1TL

m1
TL < 0

. (18)

When TL > 0, the motor is in an operating state of electri-
cal. When TL < 0, the motor is in a state of power generation.
There are always mechanical and additional losses (as shown
in Fig. 1) when the motor is running, and they are all taken
into account in the load torque TL, so TL 6=0. Therefore,
to ensure the normal operation of the motor, U1 6=0.

The influence of the stator voltage on the variation rate of
the total electrical loss is shown in Figure 5. When U1 < U∗1 ,
the electrical total loss decreased rapidly first and then slowly
with the increase in U1. When U1 ≥ U∗1 , the total electrical
loss increased slowly with the increase in U1.
Neglecting the motor’s power generation operating condi-

tions, we define

U∗1 = α
√
TL, (19)

and α =

√
(2R′′1+

√
R′′1+R

′′

r )ω1
m1

. α is called the optimal voltage
regulating coefficient of the motor energy savings. When the
power supply frequency f1 is determined, α is only related
to the motor’s electrical parameters. When these electrical
parameters and load torque are determined, the optimal volt-
age regulation is determined.

By substituting (15) into (19), the approximate solution Ũ∗1
for the optimal voltage regulation can be obtained. As shown
in (19), U∗1 changes exponentially with the load torque of
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FIGURE 5. Influence of stator voltage on the variation rate of total
electrical loss.

the motor. By substituting (19) into (12), we can obtain the
minimum total electrical loss:

min
∑

P = [2rR′′1 +
√
r(R′′1 + R

′′

2)+
R′′1 + R

′′

2

R′′2/s
]ω1TL. (20)

Further, we can obtain the following expression:

min
∑

P = [2rR′′1 +
√
r(R′′1 + R

′′

2)

→ +
R′′1 + R

′′

2

30ω1R′′2
(30ω1 − πn)]ω1TL. (21)

According to Eq. (21), when the motor operates at the
optimal voltage U∗1 and its parameters are determined, its
speed n and load torque TL together affect the minimum
electrical total loss min

∑
P.

V. CALCULATION EXAMPLE
A. APPROXIMATE SOLUTION VERIFICATION
To verify the effectiveness and energy-saving effect of the
optimal voltage regulation and the energy saving principle
of the motor proposed in this study, a three-phase, six-pole
cage motor used in a TJLQ30.5b railway container gantry
crane was taken as an example. Themotor parameters were as
follows: R1 = 1.375�, X1 = 2.430� , R′2 = 1.047�,X ′2 =
4.400�,Rm = 8.340�,Xm = 82.600�, the rated slip sN =
0.0298, the rated speed nN = 980r · min−1, the rated power
PN = 5.5kW and the rated torque TN = 50N · m.
When s2 = 0.0001–0.0009, i.e. s = 0.01–0.03, the exact

solution TL and approximate solution T̃L of the motor load
torque varying with slip were calculated using Eqs. (13)
and (15), respectively, and the load torque error (δ(TL) =
T̃L − TL) is shown in Figure 6. Fig. 6 shows that the load
torque error of the motor increased with the increase in the
slip s, but within the range of s, the load torque error of the
motor did not exceed 1.8 N·m.
Similarly, based on the exact solution (14), the approximate

solution (16) of s, and (12), the variation of the approxi-
mate solution

∑
P̃, the exact solution

∑
P, and the error

(δ(
∑
P) =

∑
P̃ −

∑
P) curves with the stator voltage were

calculated, as shown in Figure 7. When the voltage regulation

FIGURE 6. Comparison of load torque’s calculation results.

FIGURE 7. Comparison of total electrical loss calculation results.

was lower than 230 V, the total electrical loss error was
relatively large. When the voltage regulation was higher than
230 V, the total electrical loss error was almost 0. Because
the working voltage of a crane motor is generally higher than
220 V, the approximate solution of the slip s can be used, and
there is almost no total electrical loss error.

According to Eqs. (14) and (16), the optimal voltage
regulation results using the approximate solution Ũ∗1 , exact
solution U∗1 , and the optimal voltage regulation error
(δ(U∗1 ) = Ũ∗1 − U∗1 ) (based on the exact and approximate
solutions of the slip s) with the change of the crane motor load
torque were calculated, as shown in Figure 8. The optimal
voltage regulation error increased with the increase in the
crane motor load torque. However, within the working volt-
age range of the crane motor, the optimal voltage regulation
error did not exceed 6 V.

Therefore, ignoring s2[R′′21 + (X ′′1 +X
′′

2 )
2] in (13), it is rea-

sonable and effective to calculate the motor load torque and
optimal voltage regulation based on the approximate solution
of the slip s, and the solution process is also simplified.

B. ANALYSIS OF OPTIMAL VOLTAGE REGULATION AND
ENERGY-SAVING EFFECT
To verify the energy-saving effect of the optimal voltage
regulating method, based on the operating characteristics of
a motor with a constant torque load and different percentages
of the motor’s rated torque (load rate), the motor’s load was
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FIGURE 8. Comparison of optimal voltage regulation calculation results.

FIGURE 9. Motor load torque and optimal voltage regulation.

FIGURE 10. Comparison of total electrical loss of motor.

divided into a light load (TL ≤ 0.3TN ), medium-light load
(0.3TN < TL < 0.5TN0.3TN < TL< 0.5TN), medium load
(TL = 0.5TNTL= 0.5TN), medium-heavy load (0.5TN <

TL< 0.8TN0.5TN < TL < 0.8TN ), heavy load (0.8TN ≤
TL < TN ), and full load (TL = TNTL = TN ). Assuming that
the load torque fluctuates to a certain extent, the load torque
curve of the motor within a certain operating cycle and the
optimal voltage regulation curve were calculated using (19)
and are shown in Figure 9. Equation (12) can be used to calcu-
late the total electrical losses for 380 and 220V. Equation (20)
was used to calculate the total electrical loss of the optimal
voltage regulation, as shown in Figure 10. The following
conclusions were drawn from Fig. 10. The total electrical

FIGURE 11. Influence of motor load rate on total electrical loss.

loss of the motor driven by a 380-V constant voltage was the
largest throughout the operation cycle. With the variation of
the load, the total electrical loss fluctuated within a certain
range. When the motor was driven by a 380-V constant volt-
age, the fluctuation range of the total electrical loss was about∑
P1 = 570−663W . When the motor was driven by a 220-V

constant voltage, the fluctuation range of the total electrical
loss was about

∑
P2 = 192 − 470W . When the motor was

driven by the optimal voltage regulation, the fluctuation range
of the total electrical loss was about

∑
P3 = 8− 458W .

The curves in Fig. 10 were further represented as the
relationship between the total electrical loss and load rate q,
as shown in Figure 11. The following conclusions were drawn
from Fig. 11. When the load rate was q ≤ 70%, i.e., the
crane did not exceed the medium-heavy-load operation, and
the total electrical loss of the optimal voltage-regulating drive
was less than the total electrical loss of the 220-V constant
voltage drive. In this case, the crane showed a significant
energy-saving effect. When the load rate was q > 70%,
i.e., when the crane operated under the medium-heavy, heavy,
or full load, the total electrical loss was almost equal to that
under a 220-V constant voltage drive. The total electrical
loss increased with the increase in the load rate q. However,
the total electrical loss did not increase significantly when
driven by a 380-V constant voltage, but it increased signifi-
cantly when driven by the optimal voltage regulation.

When the motor operates with the optimal regulated volt-
age, the combined influence of the motor speed and load on
the minimum total electrical loss is shown in Fig. 12. It can
also be seen from Fig. 12 that the motor has an obvious
energy-saving effect in the region of medium load and rated
speed, which further verifies that the optimal voltage regu-
lation method proposed in this paper has an obvious energy-
saving effect when the motor is dragging light load.

Fig. 13 shows the comparative results of the energy saving
effect of the method adopted in this paper and the method in
the paper [10]. It can be further seen that the optimal voltage
regulation’s energy-saving method adopted in this paper has
a small total electrical loss when light load is applied.

When the motor did not exceed the medium load and oper-
ated with optimal voltage regulation, the energy-saving effect
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FIGURE 12. Total electrical loss varying with the speed and load torque.

FIGURE 13. Comparison results between methods in this paper and
Reference [10].

was significant. In particular, when the motor ran without a
load, its total electrical loss was almost 0.

VI. CONCLUSION
Because an induction motor drive system operates with
constant-torque and variable-working loads, the energy-
saving effect based on speed regulation is not significant.
To achieve optimal voltage regulation and energy savings
of a motor during constant-torque and variable-working-load

operations, a T-type and0-type equivalent circuit of an induc-
tion motor was established. The copper and iron losses of
the stator were regarded as invariable losses that were only
related to the stator voltage, and the copper losses of the rotor
were regarded as variable losses that varied with the load
torque. We deduced the electrical total loss formula

∑
P =

m1rU2
1 + ω1s

R′′1+R
′′

2
R′′2

TL and the optimal voltage regulation

formula U∗1 = α
√
TL for an induction motor. Through

these formulas and an engineering example, the following
important conclusions were drawn.

(1) When the parameters of the induction motor are deter-
mined, the stator voltage U1 and load torque TL will affect
the total electrical loss. When the load torque TL applied
to the rotor is constant, there must be an optimal voltage
regulationU∗1 to minimize the total electrical loss. The opti-
mal voltage regulation changes exponentially with the load
torque of the motor. When U1 < U∗1 , the total electrical
loss decreased rapidly first and then slowly with the increase
in U1. When U1 ≥ U∗1 , the total electrical loss increased
slowly with the increase in U1.
(2)When slip s = 0.01–0.03 and the motor operated stably,

the motor load torque error did not exceed 1.8 N·m based
on the exact and approximate solutions of the slip s, and the
total electrical loss had almost no calculation error when the
working voltage of the motor was higher than 230 V.

(3) When the motor operated stably, the optimal voltage
regulation and its error calculated using the exact and approx-
imate solutions of the slip s increased with the increase in
the motor load torque. However, within the working voltage
range of the motor, the optimal voltage regulation error did
not exceed 6 V.

(4) The total electrical loss of the motor driven by a 380-V
constant voltage was the largest throughout the motor’s oper-
ation cycle. With the change of the motor load, the total
electrical loss fluctuated within a certain range. When the
motor was driven by the optimal voltage regulation, the total
electrical loss fluctuation range was the largest.

(5)With the increase in the load rate, the total electrical loss
increased. However, the total electrical loss did not increase
significantly when the motor was driven by a 380-V constant
voltage. It increased significantly when the motor was driven
by the optimal voltage regulation. When the motor’s load
did not exceed a medium load and the motor operated with
the optimal voltage regulation, the energy-saving effect was
significant. In particular, when the motor operated without a
load, the total electrical loss of the motor was almost 0.
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