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Abstract 

This paper deals with modeling, simulation and implementation of rotor side control strategies for a grid-connected 
wound rotor induction machine. In the system under consideration, the stator is directly connected to the constant fre- 
quency three-phase grid and the rotor is supplied by two back-to-back three-phase voltage source inverters with a 
common DC link. Such a configuration is attractive in large power applications with limited speed range of operation. 
The rotor currents are controlled at any desired phase, frequency and magnitude to control the active and reactive pow- 
ers of the machine independently. A stator flux-oriented model of the doubly fed wound rotor induction machine is 
presented. The current controllers are designed in the field coordinates. Simulation waveforms exhibit excellent tran- 
sient response of the current loops; the dynamics of the direct and quadrature axes are also observed to be decoupled. 
An experimental setup consisting of IGBT inverters and a TMS320F240 DSP-based digital controller is developed in 
the laboratory to implement the control algorithms. Relevant experimental waveforms are presented; they are observed 
to be in good agreement with the simulation results. 

Keywords: Rotor induction machine, rotor side control, power applications. 

I. Introduction 

Wound rotor or slip-ring induction machines are commonly used in large power drives having 
limited range of operating speeds. The increased cost of a slip-ring machine is justified by the 
reduced size of the power electronic converter in the rotor circuit. So far, such machines were 
used as slip power recovery drives with pump or fan type of mechanical loads. However, with 
the emergence of variable speed constant frequency (VSCF) applications such as wind power 
generation, there is increased interest towards wound rotor induction machines controlled from 

the rotor side. 

The paper describes the background, concept, simulation and experimental implementation 
of rotor side control of wound rotor induction machine. A vector control approach using stator 
flux orientation is employed to decouple the dynamics of the active and reactive current loops. 
The system is modeled in the field coordinates and simulated to study dynamic and steady- 
state behaviour. The control algorithm is finally verified on an experimental setup developed 

for this purpose. 

**Author for correspondence. 
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2. Background 
The speed of a cage rotor induction machine is primarily determined by the supply frequency. 
The short-circuited rotor offers very low resistance and the nominal slip is within 5%. In the 
case of a wound rotor induction machine it is possible to introduce additional resistance in the 
rotor circuit and thereby the rotor power loss increases with a corresponding decrease in the 
shaft output power. For the same load torque this results in an increased slip and a reduction in 
the shaft speed. Using variable rotor resistance it is, therefore, possible to vary the slip power 

and hence the rotor speed.' 

If the slip power is absorbed by an appropriate electrical source instead of being wasted in 
the resistive elements, the same objective can be achieved. The rotor power, in this case, is 
regenerated back in electrical form. It is possible to control the amount of power absorbed by 
the source and hence the shaft speed can be varied. If the source has both sourcing and sinking 
capabilities, power can be absorbed from or injected into the rotor circuit. The slip can there- 
fore be positive or negative enabling both sub- and supersynchronous operation. 

Historically, the controllable electrical source used in the rotor circuit was another auxiliary 
machine. The slip power was recovered back either in mechanical form (Kramer system) or in 
electrical form (Scherbius system). With the advent of controllable power devices like silicon- 
controller rectifiers (SCRs), it is possible to dispense with the additional machines. The vari- 
able frequency slip power could be recovered by introducing a phase-controlled converter at 
the grid interface. Different configurations were proposed by several researchers subse- 
quently.2-5  In all these schemes, the rotor power can flow in one direction only; so the machine 
can operate either at sub- or at supersynchronous speeds. However, instead of the dual con- 
verter system, use of a cycloconverter in the rotor circuit permits power flow in both direc- 
tions." 

3. Rotor side control with back-to-back inverter configuration 

Presently, increased attention is being paid to rotor side control of wound rotor induction ma- 
chine for VSCF wind power generation. Voltage source inverters using IGBTs have become 
the de facto choice for variable speed drives in the 90s. The diode bridge and thyristor inverter 
combination in the static Scherbius system is replaced by two back-to-back insulated gate bi- 
polar transistor (IGBT) inverters with a capacitive DC link (Fig. 1). Standard three-phase 
bridge topology is employed for the inverters. With a pulsewidth modulated (PWM) inverter in 
the rotor circuit, the rotor currents can be controlled in phase, frequency and magnitude. This 
enables reversible flow of active power in the rotor and the system can operate at sub- and 
supersynchronous speeds, both in motoring and generating modes. The DC link capacitor acts 
as a source of reactive power and it is possible to supply the magnetizing current, partially or 
fully, from the rotor side. The stator side power factor can thus be controlled. Using vector 
control techniques, the active and reactive powers can be controlled independently and hence 
fast dynamic performance can also be achieved. 

The converter used at the grid interface is termed as the line-side converter or the front-end 
converter (FEC). Unlike the rotor-side convener, this operates at the grid frequency. Flow of 
active and reactive powers is controlled by adjusting the phase and amplitude of the inverter 
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FIG. 1. Rotor side control scheme with back-to-back PWM inverters with capacitive DC link. 

terminal voltage with respect to the grid voltage. Active power can flow either to the grid or to 
the rotor circuit depending on the mode of operation. By controlling the flow of active power, 
the DC bus voltage is regulated within a small band. Control of reactive power enables unity 
power factor operation at the grid interface. In fact, the FEC can be operated at a leading power 
factor, if it is so desired. Since the inverter operates at a high frequency, usually between 1 and 
5 kHz, the harmonics in the input current are largely reduced. 

It should be noted that since the slip range is limited, the DC bus voltage is lesser in this 
case when compared to stator side control. A transformer is therefore necessary to match the 
voltage levels between the grid and the DC side of the FEC. 

This arrangement offers enormous flexibility in terms of control of active arid reactive 
powers in variable speed applications. In the following section, the concept of controlling the 
power flow in the machine by injecting currents in the rotor circuit is explained by deriving 
suitable phasor diagrams and power flow diagrams. 

4. Rotor side control: Modes of operation 

The operating region of the system in the torque speed plane is shown in Fig. 2. As stated ear- 
lier, the rotor side control strategy is advantageous within a limited slip range. Hence the oper- 
ating region is spread out on both sides of the synchronous speed (o.),) implying both sub- and 
supersynchronous modes of operation. Moreover, the machine can operate in the motoring and 
generating modes irrespective of the speed. Thus four distinct modes of operation can be 
achieved through rotor side control corresponding to the four quadrants in the torque speed 

plane. 	 . 

In Fig. 2, mode 1 refers to positive torque and subsynchronous speed and is termed as 
subsynchronous motoring (i.e. normal motoring) operation. Mode 2 corresponds to positive 
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FIG. 2. Operating region of the doubly fed induction 
machine with rotor side control. 

FIG. 3. Approximate equivalent circuit with rotor current 
control. 

torque and supersynchronous speed and is called supersynchronous motoring. Similarly, mode 
3 corresponds to subsynchronous generation and mode 4 to supersynchronous generation. The 
following sections describe how these different modes of operation can be achieved through 
rotor side control. 

4.1. Mode I: Subsynchronous motoring 

A simplified equivalent circuit of the doubly fed wound rotor induction machine controlled 
from the rotor side is shown in Fig. 3. It is assumed that the rotor currents can be injected at 
any desired phase, frequency and magnitude. Therefore, the rotor circuit can be represented by 
a controllable current source. The equivalent circuit is drawn in the stator reference frame; 
hence the rotor current is represented as ' sir  The steady-state phasor diagram and power flow 
diagram for the subsynchronous motoring mode of operation are shown in Fig. 4. 

Neglecting the stator resistance, it may be assumed that the stator flux (lys) remains con- 
stant in magnitude and frequency since the stator is connected to the power grid. vs  has two 
components; the stator leakage component and the magnetizing component. The former is due 
to the stator current alone, while the latter is due to both the stator and rotor currents. An 
equivalent current (ins) can be defined in the stator reference frame, which is responsible for 
the stator flux. This is termed as the stator flux magnetizing current. 10  The direction of Vs 
(which is in phase with i„,) is defined as the d-axis and the direction of the stator voltage, 
which is at quadrature of tys, is termed as the q-axis. It is possible to resolve is  and Sir  along and 
perpendicular to i„,,. (The components of the currents along the d-axis are represented with 
subscript d, and those along the q-axis with subscript q). 

Since tys  is constant, it implies that i„„ is also constant and equals the sum of i sd and rd. With 
current control being exercised in the rotor circuit, an injection of positive i ni  will naturally 
result in a lesser value of isd being drawn from the stator terminals. The stator power factor is 
thereby improved. This feature is clearly depicted in Fig. 4(a) and (b). Fig. 4(a) shows ism  being 
fully supplied from the stator side, as in the case of a cage rotor induction machine, whereas in 
Fig. 4(b) it is partially supplied from the rotor side and partly from the stator side. It may be 
noted here that is  will never be made negative. This would mean that the stator has to supply 
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FIG. 4. (a-c) Phasor diagrams and (d) power flow diagram during subsynehronous motoring. 

the magnetizing energy of the machine as well as the reactive energy demand of the rotor cir- 
cuit bringing down the stator power factor to a very low value. 

Along the q-axis, the magnitude of the active component of stator current (in) is directly 

proportional to in, but opposite in sign. In fact, the induction machine can be looked upon as a 
current transformer as far as the active power flow in the stator and rotor circuits is concerned. 
Hence, to produce a motoring torque (i.e. positive torque), in  has to be negative. This is evi- 

dent from Fig. 4; a negative in  induces a positive in  , implying flow of active power into the 

stator circuit. Below the synchronous speed the rotor falls behind the air-gap flux and the rotor- 

induced emf (er) lags the mutual flux (4) by 90 0  as shown in Fig. 4(a) and (b). 
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The locus of is  and ir  for constant active power flow is shown in Fig. 4(c) . As the tip of the 

rotor current phasor is moved from B to A, the stator current phasor locus moves in the oppo- 

site direction from B' to A'. From this phasor diagram it may be appreciated that some amount 
of reactive power can as well be delivered to the source from the stator side, when the reactive 
power supplied from the rotor side is more than the machine requirement. This is, however, 
possible when the active load demand is low and there is adequate current margin in the rotor 
coils. In order to utilize the copper in the stator and rotor circuits effectively, it is advisable to 
divide the reactive power demand between the two ports. 

Under the condition of subsynchronous motoring the stator voltage phasor (us) leads the 
air-gap voltage es(=—e r) under all conditions of load which indicates power flowing into the 
stator. Also the rotor current (ir) makes an angle less than 90 0  with en  the rotor-induced emf, 
implying that active power is being extracted from the rotor circuit. This rotor power, or the 
slip power, is recovered from the rotor circuit and fed back to the mains, thereby increasing 
system efficiency. The mechanical power output is roughly the difference between the stator 
and rotor powers (Fig. 4(d)). 

42. Mode 2: Supersvnchronous motoring 

With rq  remaining negative if the machine runs above synchronous speed, it enters the super- 
synchronous motoring mode of operation. The rotor now moves ahead of the air-gap flux (v4,2) 
and, therefore, e, leads 114, by 90°. The phase relations between the stator and rotor currents 
remain as in mode I; only the direction of rotor power reverses as ir  now makes an angle more 
than 90° with er  (Fig. 5). 

It may be noted that in this mode of operation, if the stator input power is 1 p.u. and the 
motor is running at a slip of s p.u., the mechanical output that can be obtained is (1 + s) p.u. 
which is more than the rating of the machine. 
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FIG. 5. (a) Phasor and (b) power flow diagrams during supersynchronous motoring. 
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(a) (b) 

FIG. 6. (a) Phasor and (b) power flow diagrams during subsynchronous generation. 

4.3. Mode 3: Subsynchronous generation 

If a positive irg  is injected into the rotor circuit, is, changes direction and becomes negative. 
Therefore, the active power flow into the stator becomes negative indicating that the machine 
is generating. This can also be appreciated from the fact that the stator terminal voltage 
vector (IQ now lags the stator-induced emf. T hie phase angle between IT  and er  exceeds 90°, 
implying that power is fed into the rotor circuit. The power flow and phasor diagrams are given 
in Fig. 6. 

(b) 

AG, 7. (a) Phasor and (b) power flow diagrams during supersynchronous generation. 
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4.4. Mode 4: Supersynchronous generation 

With in?  remaining positive, the machine can go over to the supersynchronous generating 
mode. As far as the stator circuit is concerned everything remains the same as in mode 3; only 
the rotor power flow changes its direction. With the rotor-induced emf E., leading the air-gap 

flux. the angle between ir and e r becomes less than 9(r indicating power flow out of the rotor. It 
is interesting to note that in supersynchronous generation mode the shaft power is recovered 
from both the stator and the rotor ends. Therefore, if 1 p.u. power is extracted from the stator, 
while the machine is running at a slip s, the total power generated will be (1 + s) p.u. Hence in 
the supersynchronous generation mode it is actually possible to generate power that is more 
than the rating of the machine (Fig. 7). 

5. Decoupled control of active and reactive power through field-oriented control 

In order to control the rotor currents in the desired manner, field-oriented control is employed. 
Stator flux-oriented control of doubly fed wound rotor induction machine has been described 
by Leonhard°  and Vas." Leonhard's approach of field orientation in the stator flux reference 
frame became popular because of its close resemblance to rotor-flux orientation in cage rotor 
machines. However, contrary to the cage rotor induction machine, there is an uncontrolled 
voltage source connected to the stator of a doubly fed wound rotor induction machine. This 
acts as a disturbance variable in the plant model. The current controller, therefore, needs to be 
designed in such a way that the effect of the disturbance terms are nullified. 

With reference to Fig. 8, the complete set of equations that describe the machine dynamics 
in the field coordinates can be derived as 

: 1+ as 	. 0) i s  — + ims  = — u,,d  + ird  
dt 	Rs  

dp =co.  . 	 us±i  I 1+0; [ 

dt 	Ts ims 	Rs 	' rq 	
(2) 
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Fic. 8. Angular relations of current vectors for doubly 
Stator Axis 	fed induction machine. 
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FIG. 9. Block diagram of the doubly fed wound rotor induction machine model in the field coordinates. 

The simulation block diagram of the doubly fed wound rotor induction machine modelled 
in the field coordinates is given in Fig. 9. The inputs to the system are the stator voltage and 
the rotor currents. It is assumed that there is a controlled current source in the rotor circuit 
which is capable of injecting currents at appropriate phase, frequency and magnitude. The rotor 
currents are first transformed to the stator reference frame using the operator ew. Subsequently, 
the stator voltages and rotor currents (in the stator reference frame) are transformed to the field 
coordinates by multiplying with ei° . The angle p is derived by solving the q-axis equation (eqn 
(2)). The magnitude of i„,, is computed using the d-axis equation (eqn (1)). It may be noted that 
the alternating quantities in the stationary coordinates, when transformed to the field coordi- 
nates, appear as DC quantities. 

For designing the rotor current controller the rotor voltage equation has to be considered. 

di, 	um  (  
ore' + ird Pins — We)CYT. irq — 0 — a fir —dt 	

(5) 
dt 	Rr  

or, —di  '9  + i = -us – ((onts – we) (711; ird – (cons – we)0 –  a)Tr cc 	(6) 
dt 	rq 	I?, 

These equations represent the dynamics of the rotor currents in the field coordinate system. 
It is observed that due to the presence of the rotational emf terms, there is some amount of 

cross coupling between the d and q axes. However, the current loop dynamics in the two axes 
can be made independent of each other by compensating for these cross-coupling terms. 

It is obvious that if the rotor current needs to be controlled in the field coordinates, two in- 
dependent controllers are needed; one each for the d- and q-axes. The design method is the 
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same for both; only the feedforward terms differ in each case. The design of a proportional (P) 
controller and a proportional-integral (PI) controller are presented here. 

5.1. Proportional controller 

Let the desired current loop dynamics in the d-axis be given by 

7.ir  did  

	

di 	rd 	
(7) 

K 4, 

where T1, is the desired current-loop time constant and Ki, the current sensor gain. 

The task is now to find out the c/-axis component of the instantaneous inverter terminal 
voltage required to produce the current dynamics given by eqn (7). 

Substituting for diddt from eqn (7) in eqn (5) gives 

di 
(8) Us  — at,  (i* K. )+ R + (1 — a)L, ass 	—w ,X:rise-cc — 	,d  — trial 	r rd dt 

The inverter can be modelled as a gain block G,.. For sine-triangle modulation the inverter gain 
depends on the DC bus voltage ude  and the peak of the triangle utri . 

Udc  

	

G, = 	 (9) 
2 * u„i  

In order to make the inverter gain constant, the peak of the carrier triangular waveform u m  is 
made proportional to fie. 

Therefore, the reference for the c/-axis component of the rotor voltage is given by 

• Urd  	 R 	(1— cr)L, di ms  (toms  — (0,)01., . 
U rd = 	

aL,
K,,t, d )+ r  I 	 1 , 	(10) 

G„ Tie  K,,G, 	 G, rd 
 
	G, 	dt 	G, 	

rq 

Assuming same current loop dynamics for the q-axis, the reference for the q-axis component of 
the rotor voltage can be expressed as 

u• = 	014 	 R 
N 	(i s  K. i rq )± r 	(Wm 	)(I —0)1,,. 	+

(com, — )aL„  
r  1, K ar G r 	 G, 	 G, 	 Gr  

Lithe impressed rotor voltages are in accordance with eqns (10) and (11), the field and 
quadrature axes rotor currents can be controlled independently. The rotor current controller, 
therefore, does not contribute significantly to the dynamics of the system. It only ensures that 
the rotor currents track the reference signals produced by the outer loops. It may be appreciated 
that the current loop dynamics can be made much faster than the rotor time constant. However, 
a practical limitation to the bandwidth of the current controller is imposed by the switching 
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Sensors 
FIG. 10. SIMULINK block diagram of a speed-controlled drive using doubly fed SRIM. 

frequency. Since the controller is designed in the field coordinates, all the quantities are DC 
and implementation of the controller becomes simpler. 

5.2. Proportional integral controller 

In the proportional controller, the steady-state error in the rotor currents will depend on the 
accuracy of computation of the feedforward terms. Any error in the compensation terms would 
result in slight modification of the dynamic response. In the practical implementation, it is ex- 
tremely difficult to perfectly nullify the disturbance terms owing to measurement and computa- 
tional errors. Therefore, a proportional integral controller needs to be incorporated. This is par- 
ticularly important when the machine is run in the torque control mode without any outer speed 
loop. The plant is modelled as a first-order lag system having a time constant of GT, with the 
two rotational emfs as disturbance inputs. These two terms are cancelled through feedforward 
compensation as before. In the controller, the PI time constant is made also equal to oT„ so 

that the dynamics of the system is decided by the proportional gain. The choice of proportional 

gain follows from the equation K rir  = 	R, where Tar  is the desired effective time constant 

of the current loop. 

6. Simulation 

The entire system is simulated on the MATLAB-SIMULINK platform. The simulation model 
comprises different functional modules or subsystems. Each of these modules in turn has sev- 
eral levels of subsystems which are developed using the standard SIMU LINK library. 
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A speed-controlled drive using grid-connected doubly fed SRIM is simulated (Fig. 10). Sta- 
tor flux orientation, as discussed in the earlier sections, is employed. The d- and q-axes current 
controllers are designed in the field reference frame. For the speed loop, a PI controller is em- 

ployed which generates the q-axisfactive current reference it; . The d-axis reference is  is set 

in open loop. The machine parameters, sensor gains and controller gains are given in Appen- 
dix. The results are presented in unit terms for the sake of uniformity. 

The speed response of the drive under no load is given in Fig. 11(a). The motor is started 
DOL with the rotor shorted. At t = 0.25 s, the rotor side control is released with a speed refer- 
ence co.  = 0.75 p.u. At t = 1.25 s, the speed reference is given a step change from 0.75 to 
1.25 p.u. The corresponding motor torque and i n?  are given in Figs 11(b) and (c), respectively. 

The speed controller time constant is set to 100 ms. At t = 1.75 s, ipd* is given a step change to 

0.75 p.u. This results in transfer of the reactive power from the stator to the rotor side. How- 
ever, a change in ird  does not affect in?, as can be seen from these plots. 

The dynamic response of the current loops is given in Figs 12 and 13. The q-axis current 
loop time constant is designed for I ms and the d-axis loop time constant for 4 ins. (The taxis 
reference is not required to be varied dynamically; so o the dynamic response of is  need not be 
very fast). The actual stator and rotor currents in the stator reference frame are also shown. In 
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FIG. 11. Simulated (a) speed, (b) torque, (c) in?  and (d) int  response of the speed-controlled grid-connected SR1M drive. 



U.I4 	U.74 	018 	018 	0.5 

CONTROL OF GRID-CONNECTED WOUND ROTOR INDUCTION MACHINE 	
449 

-0.5 

0.5 

-1 
0.1 %Liz 	U.74 	0.76 	0.78 	0.8 

seconds 

-1 L.  
0.7 

seconds (c) 

• 

S  .1 	 t- o • 

1 7 

- 

-c 
; 	 

• 
• • 
• 

0.72 0.74 0.76 0.78 	0.8 	-1 

(b) 
	 seconds 	 (d) 	 seconds 

FIG. 12. Simulated step response of (a) 49 , (b) i,d, (c) is  along with u, and (d) 	along with u, for the grid-connected 
SRIM. 

Fig. 12, i,d  is zero, so the stator supplies the reactive power and the rotor power factor is unity. 
In Fig. 13 1  the reactive power is transferred from the stator to the rotor side, resulting in an 
improvement in the stator power factor. 

The transition through synchronous speed is shown in the plots of Fig. 14(a) through (d). 

With an initial speed of 0.6 p.u., the simulation is run with c = 0.5 p.u. and a load torque of 

—0.88 p.u. (i.e. driving torque). Therefore, the stator power remains constant, while the rotor 
power goes from positive to negative. The transition of the rotor phase current through syn- 
chronous speed is also shown. 

7. Experimental implementation 

A major emphasis of the present work is to develop a generalized hardware platform for high- 
performance AC drives. The system organization for rotor side control of doubly fed wound 
rotor induction machine presents a versatile case where both the machine and line side con- 
verters are necessary. In order to demonstrate the application of such a system to wind power 
generation, the wind turbine characteristics also need to be simulated with a DC drive. The 
organization of the experimental set-up is schematically shown in Fig. 15. 
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SRIM. 

In the implementation of the present scheme, it was felt that a single processor would 
be convenient to execute the control algorithms for the front end as well as the machine side 
converter. Several control loops, therefore, need to be executed in real time at a high sampling 
rate. This has prompted the use of computationally powerful digital signal processor (DSP) 
for the present application. The TMS320F240 DSP from Texas Instruments has the architec- 
tural features necessary for digital control functions and the peripherals needed to provide a 

i single-chip solution for motor control applications. The present digital control hardware s 
built around the 'F240 processor. The TMS320F240 is a I 6-bit, fixed-point DSP which can 
execute 20 million instructions per second (MIPS). It houses several advanced peripherals, 
optimized for motor control applications. The most important peripheral is the event manager 
(EV) module, which provides general-purpose timers and compare registers to generate up to 
12 PWM outputs. Efficient usage of the EV timers reduces software overhead for PWM gen- 
eration significantly. The EV incorporates a quadrature encoder pulse (QEP) circuit which can 
be interfaced directly to an incremental position encoder. The peripherals also include a dual, 
10-bit analog-to-digital convener (ADC), which can perform two simultaneous conversions 
within 7 its, an internal PLL clock module, a serial communication interface and a serial pe- 
ripheral interface. 
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A generalized digital control platform has been designed using TMS320F240. It comprises 
four hardware modules: (1) an analog signal conditioning board, (ii) a DSP board, (iii) a posi- 
tion encoder interface and (iv) a power converter interface. All these modules are developed 
in-house and the integrated platform is being used for different motor control applications. The 
schematic block diagram of the control hardware is given in Fig. 16. 

The requirement for fast real-time control demands that the software has to be efficient in 
terms of execution time. This has prompted the use of Assembly Language for programming 
the DSP. All the functions that the processor needs to execute are first broadly grouped into 
different tasks. Each task comprises several subroutines. The tasks are arranged in an appropri- 
ate sequence in time, so that the required bandwidths of the different control loops can be 
achieved. This is done by a task scheduler. The task scheduler keeps track of the present task 
that is being executed and switches to the subsequent one at the next Timer! interrupt. This is 
implemented by using a software counter. 

The entire computation within the processor is done on a per unit scale. For a I6-bit pro- 
cessor, the (signed) maximum and minimum numbers vary from 7FFF h to 8000 h. This is 
taken as +2 p.u. to -2 pt. Therefore, +I p.u. is represented by 3FFF h, and -1 p.u. by 4000 h. 

For outputting the different variables through the DAC (which is 12 bit), appropriate scal- 
ing of the variables is, therefore, necessary. In practice, the scaling is done in such a way that 
+10 V presents 2 p.u. scale. (Hence, most variables appear to be within +5 V). 
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ThG. 15. Organization of the experimental set-up. 

The step response of irq  from 0 to 0.5 p.u. with ird  held constant at 0.75 p.u. is shown in Fig. 
17(a). The designed active current loop time constant is I ins. The corresponding stator current 
(i) and the rotor current in the stator reference frame sir  are given in Figs 17(b) and (c), respec- 
tively. It is observed that when irq  is zero, the stator current is close to zero and the rotor sup- 
plies the reactive power for the machine. With the application of positive i nr  the stator instantly 
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FIG. 16. Organization of the digital control hardware. 
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FIG. 18. Experimental results showing the transient res- 

ponse of the taxis current control loop. A step in i is 

given from 0 to 0.75 p.u. and 1; is maintained at zero. 

■ 

goes into generating mode (negative in  ) at almost unity power factor. The rotor current in- 
creases in magnitude as it now handles both the active and reactive powers. 

The dynamics of the reactive current loop is made slightly slower than the active loop. The 
reactive current reference is normally kept constant and is not decided by any outer loop. So 
the reactive loop is mostly regulatory in nature and need not be as fast as the active loop. In 

Fig. 18(a), the response of i rd , when a step change in ince is given from 0 to 0.75 p.u., is pre- 

sented. The active current reference ireq  is kept at zero. Figures 18(b) and (c) show that the sta- 

tor initially supplies only the reactive power of the machine, and the rotor current is zero. With 

the application of i,d  the reactive power is transferred to the rotor circuit and the stator current 

falls close to zero. 
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FIG. 19. Simulated response of is and i,?  for step change of (a) i n% from 0 to 0.5 p.u. with i,:i  held constant at 0.75 p.0 

and (b) i,•.1  from 0 to 0.75 p.u. with inie held constant at zero. 

The transient responses of these current loops obtained through simulation are also pre- 
sented in Figs 19(a) and (b). It is observed that zthe simulation and experimental results are in 
good agreement thereby validating the machine modelling and design of the controller. 

The relationship between the stator and rotor currents in the d- and q-axes is shown clearly 
in Figs 20(a) and (b). Along the q-axis, in  and in  are proportional to each other differing by a 
factor (1 + as), but of opposite polarity. However, along the 6-axis, when is  is zero, in  equals 
i„,,/(1 + as). With the application of ird,  the reactive power is transferred to the rotor circuit and 
isd  falls down to zero. The steady-state relation between um  and imsa  is shown in Fig. 20(c). It is 
obvious that Liu  lags the supply voltage component by 90 0. The steady-state value of ink, is also 
shown in the same plot. 

The stator and rotor currents in their own reference frames, for subsynchronous and syn- 
chronous operations, are shown in Figs 21(a) and (b). The rotor current under synchronous 
condition is DC and the operation is observed to be perfectly stable. The ride through synchro- 
nous speed is illustrated in Fig. 21(c). The rotor current waveform passes through zero fre- 
quency from one phase sequence to the other. 

8. Conclusion 

A stator flux-oriented model has been derived for the wound rotor induction machine. Current 
controllers designed in the field reference frame comprise proportional or proportional integral 
controllers with subsequent addition or subtraction of the compensating terms. The design 
method is simple as it directly follows from the rotor voltage equations. Simulation results 
show that the dynamics of the active and reactive current loops are decoupled as required. 

A power hardware platform for implementing the rotor side control strategies has been 
built. The hardware is designed in a modular fashion and has been standardized in the labora- 
tory for general motor control applications. A TMS320F240 DSP-based digital control board is 
also designed and developed. This platform is powerful enough to execute all the control loops 
associated with rotor side control and front-end convener control. Field-oriented control using 
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AG. 20. Experimental results showing relationship be- 	FIG. 21. Experimental results showing steady-state 
tween (a) in, and in  (b) int  and ia, and (c) us, and L. 	waveforms fort.; = 0.75, i,, = 0.5 (a) at 1275 rpm (sub- 

synchronous), (b) at 1435 rpm (synchronous) and 
(c) transition through synchronous speed. 

shaft position sensor is implemented. Experimental results presented show decoupled response 
for the active and reactive current loops. They are also in close agreement with the simulated 
waveforms. 
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