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Abstract. This paper discusses the wound rotor induction motor and variable-frequency drive (VFD) that 

regulates the stator voltage frequency. The stator and rotor windings are connected to a common electrical 

circuit. The slip energy of the motor goes to the DC link and feeds the stator winding of the motor. The 

block diagram of the electric drive, the equivalent circuit and the basic characteristic of the cascade VFD are 

considered. It is shown that the energy-saving mode with a minimum ratio “stator current/torque” is 

achieved at an angle between vectors of the stator current and the excitation current at the level of 45 

degrees. The experimental static mechanical characteristics of the electric drive were obtained. These 

characteristics provide a limitation of the starting torque. 

1 Introduction  

Currently, squirrel-cage induction motors are most 

widely used in electric drives of industrial mechanisms 

[1–3]. However, wound rotor induction motor are still 

used on such mechanisms, as hoisting-and-transport. The 

parametric systems are applied to control the motor 

speed [4–5]. Parametric systems are the simplest, 

however there are large energy losses during the start. 

The design of the energy-saving control system for 

starting the wound rotor induction motor is an important 

task. There are systems [6–7] that add the frequency-

dependent resistance into the motor rotor circuit during 

the motor start. Nevertheless, energy losses at the start 

are also large in these electric drive systems. The 

frequency control systems are the most economical for 

induction motors [8–14]. Such systems provide high 

quality control, while microprocessors are widely used in 

them [15]. Efficient frequency control can also be 

applied for wound rotor induction motor. It is reasonable 

to use an additional cascade connection of the stator and 

rotor of the motor through rectifier and inverter units. 

2 Key issues and solutions  

There is electrical connection of the stator and rotor 

windings through a common DC link in this electric 

drive system of induction motor. Mechanical 

characteristics of the electric drive are nonlinear, the 

method of their calculation is considered in the 

references [1, 2]. The cascade variable-frequency drive 

(Figure 1) is made on the basis of induction motor with 

wound rotor, current inverter and cascade slip energy 

recovery unit feeding the DC link of the inverter. It 

contains: 1 - frequency converter based on the current 

inverter; 2 – induction motor, 3,4 – stator current 

sensors; 5 – adder of two phase currents of the stator; 6 – 

pulse-width modulation (PWM) current regulator; 7 –

feedback speed channel; 8 – adder of the speed signals; 9 

– speed reference; 10 – speed comparator; 11 – speed 

regulator; 12 – limitation of instantaneous values 

reference signal for the squared module of stator current; 

13 – setting the instantaneous values of the stator 

current; 14 – setting the frequency of the rotor current; 

15 – adder of angular frequencies; 16, 17 – current 

sensors of the rotor; 18 – adder of the two phase currents 

of the rotor; 19 – calculation of the angular frequency of 

the rotor current; 20 – frequency comparator; 21 – 

forming unit of the signal correction of the stator current 

module; 22 – rotary speed sensor; 23 – proportional 

block with coefficient  . The current inverter consists of 

adjustable rectifier 24 and inverter 25, rectifier 26 is 

included in the DC link, the inputs of which are 

connected to the outputs of the rotor windings of the 

induction motor. The smoothing reactor 27 and the 

current sensor 28 are also included in the common DC 

link. The control unit 29 of the rectifier 24 receives a 

rectified current feedback signal from the sensor 28 and 

controls the current in the common DC link. 

The principles of frequency-current control of the 

induction motor and synthesis of control system units are 

considered in [16, 17]. The principles of frequency-

current control are most appropriate for the 

implementation of frequency-cascade control of an 

induction motor with a wound rotor [19–22]. 

In the cascade VFD system, the difference between 

the rectified supply voltage and the EMF of the inverter 

25 creates the resulting additional voltage U2, which is 
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introduced into the motor rotor circuit, providing a 

cascade principle of the electric drive operation. Voltage 

U2 is always less than the voltage at the rectifier 26 

output. To ensure the stability of the angular frequency 

of the rotor current, it is necessary to maintain module of 

the additional voltage in the rotor circuit U2 at a constant 

level. The optimal value of the rotor angular velocity 

deviation from the angular velocity of stator rotating 

field optU2, in cascade VFD, is: 
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where R2 – resistance of the rotor, L2 – inductance 

dispersion of the rotor winding; Lm – mutual inductance 

of the stator and rotor windings; 1 – frequency of the 

stator current; U2 – additional voltage introduced in the 

rotor circuit. 

If the optimal value  optU2  is achieved through 

introducing back-EMF into the rotor circuit, the motor 

stator current will be minimal at the given productivity 

of the electric drive. 

In the control system, the unit 19 calculates the 

circular frequency of the rotor current *
2  using  the 

signals from the rotor current sensors. The obtained 

value is compared with the reference value 
*

ref2 . The 

correction signal 1I  for the stator current module is 

produced on the basis of the comparison results. 

Regulation of stator rotating field frequency is 

achieved by control of the current frequency and 

amplitude of the output inverter, by analogy to the 

common systems of frequency control of squirrel-cage 

induction motor. 

The equivalent circuit of the electric drive is shown 

in Figure 2. The voltage balance equation for steady-

state operation when bringing all elements of the circuit 

to the DC circuit has the form  
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where 0dE  – rectified EMF of controlled rectifier; 1dE  

– rectified back-EMF of the stator winding; 2dE  – 

rectified EMF in the rotor winding; dI – rectified 

current; dR – total resistance of the valves of the 

scheme; iR – active resistance of the smoothing 

inductor; Н1 f/f=  – ratio of the stator current 

frequency to the rated frequency; s  – relative slip. 

Bringing the resistance of the electric drive circuit 

elements from the AC circuits to the DC circuit is made 

in accordance with the expressions 
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Fig. 1. Block diagram of the frequency-cascade control of an induction motor with a wound rotor with a closed loop of the rotor 

current frequency stabilization. 
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where 0dR – equivalent resistance of the power supply; 

0R , 0х – resistance and reactance of the power source; 

1dR – equivalent resistance of the stator winding; 1R ,  

1х  – resistance and reactance  of the stator winding; 

2dR  – equivalent resistance of the rotor winding; 2R ,  

2х  – resistance and reactance  of the rotor winding.  

EMF of the supply rectifier is defined as follow 

                 уu00d cosкUE =
,   (6)

 

where 0U  – phase voltage of the supply network; uк – 

phase voltage reduction factor to the DC circuit 

(


=
63

кu
); 

у
– control angle of the rectifier. 

Only supply rectifier consumes reactive power from 

the power grid in the cascade VFD with current inverter. 

The control angle of rectifier can be adjusted in the range 
00 300  . In this case, a higher value of the motor 

speed corresponds to a lower value of the control angle 

, and therefore to a lower consumption of reactive 

current from the grid. 

The ratio between the current in the rectified circuit 

and the stator and rotor currents is determined in the 

absence of equalizing currents by the following 

expressions 
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where 


=
6

k I  – coefficient linking the effective 

current in the AC circuit of the bridge converter with the 

current in the rectified circuit; Sk  – coefficient related to 

the output current of the inverter and the motor stator 

current (depends on the capacitance of the output 

capacitors in the current inverter); rk – coefficient 

related to the output current of the inverter and the motor 

rotor current (depends on the presence of equalizing 

currents shunting the bridge rectifier in the rotor circuit). 

The currents of the stator and the rotor can be 

considered equal to each other 

                                      21 II =
   (9)

 

Therefore, the nominal values of the stator and rotor 

currents should be approximately equal and differ by no 

more than 8–10%. As a result, when changing the 

operating mode of the electric drive, the angle 0  

between vectors of the stator current and the 

magnetization current is approximate constant 
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where ек  – the transformation coefficient of the motor; 

 – the angle between vectors of the rotor current and 

the EMF of the rotor winding. 

Since the angle   is very small, even when it 

changes due to the changes in other parameters of the 

system, cos  changes slightly and is close to 1.  

The current in the rectified circuit and the 

electromagnetic torque of the motor in the open system 

are determined by the formulas [22]: 

 

Fig. 2. The equivalent circuit of the cascade variable-frequency drive when bringing the parameters to the DC link. 
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Figure 3 shows the calculated using the expressions 

(7–12) dependences of the angle 0 on the stator current 

relative value I/IN in the cascade VFD system. From 

these graphs it can be seen that the greatest ratio of 

"stator current/torque" is achieved when 
0

0 45= , 

which is typical for variable-frequency electric drive 

systems [23, 24].  This mode is energy-saving for the 

system. In order to implement this energy-saving mode, 

the value of the transformation coefficient of the wound-

rotor induction motor should be close to ke = 1.4 in 

accordance with the expression (10).  

 

Fig. 3. Dependence of the stator current on the angle at fixed 

torque values (M = const). 

3 Results of experimental studies 

The experimental mechanical characteristics of the 

cascade variable-frequency drive of induction motor 

with a wound rotor MTF012-6 are shown in Figure 4. 

 

Fig. 4. Experimental static mechanical characteristics of 

cascade variable-frequency drive ( H01 /= ). 

Mechanical characteristics are nonlinear. In the area 

of small slips, they coincide with the mechanical 

characteristics of the induction motor with a short-

circuited wound rotor. On the starting part, the 

mechanical characteristics have a low stiffness. Such 

mechanical characteristics of the electric drive are 

required for hoisting-and-transport mechanisms and 

excavators [25]. 

4 Conclusion 

1. In the cascade variable-frequency drive system, it is 

feasible to use induction motors with a wound rotor with 

the rated values of the transformation coefficient close to 

ke = 1.4, while the angle will be close to the optimal 

value of 45 degrees, and the electric drive will operate in 

an energy-saving mode;  

2. The cascade variable-frequency drive with the 

mechanical characteristics of the excavator type is 

appropriate to use on the mechanisms operating in an 
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intermittent mode, in particular to a hoisting-and-

transport mechanisms. 
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