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Abstract: Modeling electric machines is crucial for analyzing their behavior and designing controllers. It is of the utmost
importance to make use of a consistent equivalent circuit of the Doubly Fed Induction Machine (DFIM) that is applicable
to a variety of operating modes. This is because it helps in the calculation of the machine's steady-state performance,
converter ratings, and controller set-points. Traditional models of doubly fed induction machines employ the steady-state
equivalent circuit of a wound-rotor induction machine with all rotor parameters referred to the stator through a
frequency conversion. The present study investigates the validity of the traditional steady-state circuit model by taking
into account the sequence change in rotor voltages and currents at super-synchronous speeds. The validity of phasor
diagrams constructed using the traditional circuit is assessed, with a particular focus on super-synchronous operation in
both motoring and generating modes. It has been demonstrated that the existing model is applicable to all rotor speeds
(whether sub-synchronous or super-synchronous). However, caution should be exercised when utilizing expressions of
rotor reactive power that involve dynamic dgq and steady-state phasor models. Therefore, modified expressions are
developed for rotor reactive power that are applicable regardless of the operating speed. The accuracy of the proposed
method for different operating modes is confirmed by comprehensive simulation results developed with Matlab®
Simulink. An investigation is also conducted into the sensitivity of rotor reactive power direction to parameter changes,
and it is shown that machine parameter changes have a negligible effect on rotor reactive power direction.
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1. INTRODUCTION

1.1. Research Motivation mode of operation, including traction systems, marine
propulsion and hybrid electric aircrafts [9-12]. A study of the
machine's steady-state operation is essential for determining
its steady-state characteristics and establishing the initial
conditions for simulating its dynamic performance. In
addition, sizing the converters necessitates a study of the
active and reactive power ratings, which can be obtained most
easily with the aid of equivalent circuit model equations [13].
Calculating the reference values of variables used as set-
points in control loops requires valid and accurate model
equations. Finally, load flow analysis of power systems with
high penetration of wind turbines equipped with Doubly Fed
Induction Generators (DFIGS) necessitates revisiting the
traditional algorithms by taking the stator and rotor side

Wind energy conversion systems utilizing a Doubly Fed
Induction Machine (DFIM) are by far the most prevalent
topology worldwide [1]. This is due to the numerous benefits
of DFIMs, such as decoupled control of active and reactive
powers, the use of a partial scale converter resulting in
reduced costs and losses, and so forth [2]. Significant research
has been conducted on this topology for grid-connected and
stand-alone applications, and the mathematical relationships
of the machine are well-established [3-8]. Besides the
generation mode of DFIM operation, a number of
applications have emerged in which the aforementioned
benefits make DFIM an excellent candidate for the motoring

182


https://doi.org/10.22055/jaree.2023.44572.1078
https://jaree.scu.ac.ir/
mailto:hashemnia@mshdiau.ac.ir
https://doi.org/10.22055/jaree.2023.44572.1078
https://orcid.org/0000-0001-7555-8496
https://doi.org/10.22055/jaree.2023.44572.1078
https://doi.org/10.22055/jaree.2023.44572.1078

M. N. Hashemnia

Journal of Applied Research in Electrical Engineering, Vol. 2, No. 2, pp. 182-193, 2023

active/reactive powers into account [14-18]. Consequently, a
consistent equivalent circuit that is applicable to various
operating modes must be developed. Doubly fed induction
generators (DFIGs) have been used predominantly in sub-
synchronous mode, with super-synchronous operation
restricted to wind gust conditions [19]. As demonstrated in
[19], however, operation above synchronous speed results in
higher efficiency, greater total output power and a simpler,
less expensive power converter. Consequently, it is of the
utmost significance to investigate DFIM in super-
synchronous mode of operation. The super-synchronous
study of DFIMs presents a challenge due to the appearance of
negative values in the frequency of rotor circuit variables. The
analysis of this issue can be traced back to 1983 [20], when a
proposition was made to avoid referring the rotor circuit to
the stator side and instead directly manipulate the rotor
quantities at the rotor side. Nevertheless, the widely accepted
representation of DFIMs is the stator-referred equivalent
circuit. This choice is motivated by the desire to work with a
circuit that encompasses a single frequency, namely the stator
frequency, as opposed to a circuit that involves two different
frequencies, namely the stator and rotor frequencies.

1.2. Literature Review

It has been claimed in [21, 22] that the traditional steady-
state equivalent circuit exhibits deficiencies when employed
in the super-synchronous mode of operation. A revised
version of the model (referred to as the "accurate equivalent
circuit” in references [21, 22]) is subsequently suggested for
utilization in scenarios involving super-synchronous speeds,
as an alternative to the widely accepted DFIM model. In
effect, these references emphasize that the equivalent circuit
structure depends on the rotor slip. This claim is supported by
the change in the phase sequence of rotor variables at super-
synchronous speeds, which influences the reactive power
exchanged on the rotor side. The same authors put forward an
iterative approach for integrating a DFIG into load flow
analysis by utilizing its equivalent circuit in [23]. In [24], the
same equivalent circuit was used to derive a framework for
incorporating DFIG-based wind power plants into load flow
analysis of distribution systems. Several operational limits,
including stator and rotor currents, were considered when
determining the DFIG's active and reactive power (PQ)
limits. Consequently, it is essential to calculate the rotor
current for any operating speed using an appropriate
equivalent circuit. The forward-reverse sweep method was
used to determine the load flow solution. A non-iterative
method for calculating steady-state operating points of DFIG-
based wind energy systems is employed in [25]. This
calculation is a crucial component of the stability analysis.
Since it is assumed that the DFIG operates at a particular
power factor, the bus to which it is connected must be treated
as a PQ bus. Both sub-synchronous and super-synchronous
modes of operation are analysed using distinct equivalent
circuits. In [26], a direct or non-iterative method for
calculating the steady-state operating points of a DFIG is
proposed. This direct initialization method is applied to both
sub-synchronous and super-synchronous modes using
distinct models. This method has the benefit of preventing
non-convergence issues and decreasing the calculation time
for DFIG internal variables.
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The study presented in [27] examines a hybrid renewable
energy system that incorporates a DFIG in conjunction with
a direct current (DC) motor. Two distinct equivalent circuits
are employed to represent the DFIG, each corresponding to a
specific operating speed. Initial values of a DFIM are
computed using two distinct equivalent circuits dependent on
the rotor speed in [28]. These values are utilized for the
machine's dynamic simulation. To demonstrate the efficacy
of the proposed equivalent circuits, time-domain simulations
and eigenvalue analysis are presented. In accordance with the
assertion put forth by [21, 22] that the equivalent circuit
changes considerably depending on the operating speed, a
new unbalanced steady-state model for DFIG operating at
various speeds is presented in [29].

1.3. Necessity of the Research Based on Challenges of the
Literature

The proposed circuit in [21, 22] for super-synchronous
speeds differs from the well-established DFIM circuit derived
in any course of electric machinery analysis for wound rotor
induction machines [30, 31] and the well-established context
on DFIM modelling and control [3]. The additional modelling
complication introduced by using two different circuit models
based on the operating slip is the second reason why using
two different circuit models based on the operating slip is
guestionable, since an equivalent circuit may not apply for
some values of slip. Moreover, the authors in [21, 22] have
yet to present corrective measures to be taken when dealing
with the dynamic dg model of the machine; in fact, their study
is confined to steady-state phasor analysis of the machine.

1.4. Novelty and Main Contributions of the Paper

In this paper, it is demonstrated that while it is necessary
to modify some relationships when the machine operates at
super-synchronous speeds, it is neither necessary nor
recommended that the well-established model be modified
based on the operating speed: the same stator-referred
equivalent circuit as for sub-synchronous speed can be used.
The phasor diagram is then constructed based on the
equivalent circuit, with negative slip taken into account. For
the actual voltages and currents of the rotor side, it suffices to
consider that when there is a negative slip, resulting in a
negative rotor angular frequency (s<0=m <0), the

direction of rotation of rotor phasors is reversed relative to the
direction of rotation of stator phasors (taking the normal
direction to be counter-clockwise, the direction of rotation of
rotor phasors for super-synchronous speeds will be
clockwise). Therefore, only rotor reactive power expressions
based on steady-state and dynamic equations should consider
the rotor slip sign.

The primary contributions of the paper can be
enumerated as follows:

» Providing a comprehensive understanding of the
negative sequence phenomenon in the super-synchronous
mode of operation.

> Proposal of a novel approach to address the change in
phase sequence of rotor variables at super-synchronous
speeds, which has implications for a number of established
relationships.



M. N. Hashemnia

Journal of Applied Research in Electrical Engineering, Vol. 2, No. 2, pp. 182-193, 2023

» Criticism of changing the DFIM equivalent circuit based
on rotor speed conditions (as done in [21, 22]). Alternatively,
a unified modelling framework that can accommodate all
operating speeds is proposed.

» Modifying some steady-state and dynamic relations to
take super-synchronous speed into account, while resorting to
the widely accepted equivalent circuit.

1.5. Organization and Structure of the Paper

This paper is organized as follows. In Section 2, a super-
synchronous operation is investigated for the very special
case of pure capacitive load at rotor terminals to shed some
light on the problem. The general load case is then
investigated in Section 3, which gives an insight into rotor
reactive power expression based on the operational speed.
Afterwards, in Section 4, phasor diagrams for the four-
quadrant operation of a DFIM with unity stator power factor
operation are illustrated and justified. Rotor reactive power
under dynamic conditions is examined in Section 5. Section
6 contains simulation results and discussions, followed by
conclusions.

2. VOLTAGE-CURRENT RELATION FOR A ROTOR
TERMINATED WITH A CAPACITIVE LOAD

To better illustrate the concept, consider a pure
capacitive load connected to the rotor terminals of a DFIM
rotating at super-synchronous speed as a particular case. In
the given loading conditions, the relationship between the
actual rotor phase voltage and current can be expressed by the
following equation:

V =

r

-]
—1, 1
Co, ()
where o represents the electrical angular frequency of rotor

variables. The over-barred variables (V. and 1) denote

phasors. Considering the negative sign of @ due to negative

slip, the phasor diagram can be drawn, as shown in Fig. 1.
The speed of rotation of the phasors corresponds to the rotor
frequency. At first glance, it might look like the rotor voltage
phasor leads the rotor current phasor in the figure. This cannot
be correct because the load is pure capacitive. However,
taking the actual direction of rotation of phasors, as expected
for a capacitive load, the rotor current phasor is still leading
the rotor voltage phasor, both rotating clockwise. The
situation is best depicted in Fig. 2.

w <0

<

>

r

Fig. 1: Pure capacitive load phasor diagram for super-
synchronous speed.
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<

Fig. 2: Phasor diagram taking the actual direction of the
phasors rotation.

The time variations of the voltage and current of rotor
phase-a are expressed for better clarification. Assuming that
the phase-a voltage at the rotor terminals is:

v (t) =V, cos(at) =V, cos(sat) 2
Rotor phase-a current is determined to be:
i(t)=C % =CcswV,, cos(sat + %) (3)

where o, represents the electrical angular frequency of the

stator. As the slip has been taken negative, the rotor voltage
and current are expressed in an alternative way, resulting in
the introduction of a positive frequency and the conversion of
the negative multiplier of the cosine term in the rotor
(csw, <0) to a positive value:

v (t) =V _cos(|s|et),i(t)=c|s|oV, cos(s|awt+ %) 4

This verifies the fact that the rotor current leads the rotor
voltage.

It is now instructive to refer the rotor circuit to the stator
(through frequency and turns-ratio transformations). The
result is:

Vi
s Cfo,

1
r

®)

The above relation guarantees that the current of a pure
capacitive load leads its voltage in the stator-referred
equivalent circuit for both sub-synchronous and super-
synchronous rotor speeds. A similar reasoning can be used to
demonstrate that a pure inductive load connected to the rotor
terminals will always have a current lagging its voltage,
which is also supported in [32]. In fact, a capacitive
(inductive) impedance is invariably capacitive (inductive),
regardless of the operating speed. Instead of considering the
rotor frequency to be negative when dealing with negative
slips, it is preferable to consider the phase sequence to be
reversed. The interested reader is referred to [33] for a more
comprehensive examination of the negative frequency
concept.

It is worth mentioning that the reactive power magnitude
is increased on the stator side in comparison to the reactive
power on the rotor side. This amplification of reactive power
can be attributed to the division of frequency by slip when
transforming from the rotor to the stator side.

In the rotor circuit, the reactive power produced by the
capacitive load is:
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Q =3IV IIT,| (6)

The stator-referred load also produces reactive power,
and its value is determined by:

’ \7r, T \7r'|_r, \7r I_r r
SR A4 LA LAY
s Is| Is| sl

Y]

The last expression shows that the reactive power
produced by the capacitive reactance is amplified when the
reactance is referred from its actual position (i.e., the rotor) to
the stator side. This is supported by the expression of
capacitive reactive power:

IrZ
“TClal
IIZ

Cwo

r’s

Q

S|

¥ =Q'= ®)

. |

Clslle|

Q=

3. VOLTAGE-CURRENT RELATION FOR THE GENERAL
LoAD CASE

In the previous derivation, it was assumed that a pure
capacitive load was connected to the rotor terminals of a
DFIM operating at super-synchronous speed. Now, a general
case will be examined. The relationship between rotor voltage
and rotor current can be visualized more clearly with the aid
of phasor diagrams, which depict the phasors of rotor voltage
and current when they are on the rotor side and when they are
referred to the stator side. Take the slip to be negative and
assume that the rotor voltage and current phasors have a phase
relationship when expressed in the actual rotor side, as shown
in Fig. 3. As the slip is negative, the phasors rotate in a
clockwise direction. Fig. 4 depicts the relative position of the
stator-referred phasors appearing in the equivalent circuit.
The direction of rotation of the phasors has now been
reversed, and it is in the normal counter-clockwise direction.

The referred rotor voltage phasor (V,'/s) is in the opposite

|a)r|:|slws

185

Fig. 4: Stator-referred rotor phasors.

direction with respect to the rotor voltage phasor () as a result
of a negative slip.

It is evident that in case the rotor voltage phasor leads the
rotor current phasor on the rotor side, the referred rotor

voltage phasor in the equivalent circuit (denoted as: V'/s)
also leads the referred rotor current phasor (17), regardless of

whether the operation is in sub-synchronous or super-
synchronous mode. It is observed that the relative position of
the two phasors does not change if the rotational direction of
the respective phasors is considered. This explanation
confirms the intuitive expectation that the sign of reactive
power from the rotor-side converter (RSC) to the rotor is
identical to the sign of reactive power from the stator-referred
rotor voltage source (V,'/ s) to the stator-referred equivalent

circuit, regardless of the operating mode, motoring or
generating, sub-synchronous or super-synchronous speeds.
This is shown schematically in Figs. 5a and 5b, in which the
two reactive powers always have the same sign and differ
only in magnitude (Q'=Q,/|s|). The aforementioned

expectation is consistent with [32], but the reactive power
flow diagram in [34] ignores this fact, resulting in
incompatible outcomes for super-synchronous speeds.

4. PHASOR DIAGRAMS FOR THE FOUR-QUADRANT
OPERATION OF DFIM

In this section, phasor diagrams are drawn for a DFIM
operating at unity stator power factor (zero stator reactive
power). The diagrams are drawn for all four quadrants
pertaining to the direction of stator active power and the slip
sign.  Therefore, the machine can operate in
motoring/generating mode with sub/super-synchronous rotor
speeds.

Stator

Rotor-Side DC Side
Converter
T
r
.|_
Vi
g-o W
r S S

(b)
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Fig. 5: (a) actual reactive power supplied into the rotor
windings from the RSC, (b) reactive power supplied into the
stator-referred equivalent circuit.

It is noteworthy in Fig. 6 that for sub-synchronous modes
((a) and (c)), the rotor angular frequency takes a positive
value (@, >0), indicating that the phasors of actual (not

stator-referred) rotor variables (V,,1,,i, ) rotate in the same

direction as the stator variables. In contrast, for super-
synchronous modes ((b) and (d)), the slip and the rotor
angular frequency become negative (@, <0); consequently,
the direction of rotation of rotor phasors is reversed. All
phasors associated with stator variables and rotor variables
referred to the stator rotate at an angular frequency of «, .

The governing phasor equations in Fig. 5b are as follows:

V, =R, + jo, ©)
7, = LI+ L (10)
V=R I+ jo7, (1)
7 =L I+ L1, (12)

In the following, a number of noteworthy findings in
relation to the four quadrants illustrated in Fig. 6 are
presented.

> Parts (a) and (b) represent motoring mode with a unity
power factor; consequently, motoring convention dictates
that the stator current phasor and stator voltage phasor are in
phase. In contrast, the stator current phasor is 180 degrees out
of phase with the stator voltage phasor in parts (c) and (d)
corresponding to the generating mode.

» In motoring mode, the stator flux linkage phasor leads
the rotor flux linkage phasor (referred to the stator). The
opposite is true for generating mode.

» The angle between stator-referred rotor voltage and
current phasors in parts (b) and (c), i.e., super-synchronous
motoring and sub-synchronous generating modes, is less than
90 degrees. These two modes of operation are actually
incompatible with a conventional induction machine with a
shorted rotor winding. Consequently, these two new modes
of DFIM operation require injection of active power into the
rotor windings through an external circuit (the RSC).

» Assuming the stator's reactive power is zero and
considering the reactive power requirement for core
magnetization, one would expect that reactive power should
be supplied to the rotor winding by the RSC in all four
quadrants. From the viewpoint of the phasor diagram, the
rotor current phasor should lag the rotor voltage phasor.
Taking into account the positive direction of rotor phasors
rotation in parts (a) and (c), it is evident that the rotor current

Sl
ol
ol

cos(6,-6,) cos(6, -6, —2?”) cos(6, -6, —4?”)

=,/=|—sin(6,-0,) —sin(es—em—%r) —sin(es—em—%r)

phasor lags the rotor voltage phasor. Also, in parts (b) and (d),
when the reverse rotational direction of the rotor phasors is
considered (due to negative @, ), it is again interestingly

observed that the rotor current phasor lags the rotor voltage
phasor. This signifies the injection of reactive power into the
rotor.

The validity of the phasor diagram results is supported
by the consistency with physical considerations. It is worth
noting that the phasor diagrams for all four quadrants in this
study have been drawn using the same equivalent circuit, as
shown in Fig. 5b. On the contrary, an alternative equivalent
circuit has been utilised in [21, 22] to represent super-
synchronous operating modes. This in turn increases the
complexity of the problem and, if care is not taken in selecting
the correct equivalent circuit, could lead to incorrect results.

5. EXPRESSION OF REACTIVE POWER BASED ON THE
DYNAMIC MODEL

Up to now, the focus has been on the steady-state
expression of the reactive power, employing phasor equations
and the steady-state equivalent circuit. Expression of the
equations in the synchronous dq reference frame is useful for
gaining insight into the conditions that prevail under transient
conditions. The dg transformation is implemented to
investigate the relationship between the actual rotor side and
stator-referred reactive powers. The particular steady-state
case is taken into account as the primary objective is to
determine the relative signs of reactive powers. Here, the
same power-invariant abc to dq transformation is used as in
[21, 22] in order to facilitate a comparison between the
method presented in this paper and what has been presented
in [21, 22].

Assuming that the rotor voltages are a balanced positive
sequence set, they are referred to the synchronous reference
frame (see (13)) where 6, is the angle of the synchronous

frame, @, is the rotor angle with respect to the stationary
phase-a axis, and 6, is an initial phase angle, all expressed in
electrical radians.

The slip angle can now be expressed as given by (14),
where @, is the slip speed (which is also the angular

frequency of the rotor voltages) in electrical radians/s.
0, =6,-6, =t (14)

Recall that the rotor angular frequency was assumed to
be positive (@ >0) in order to have positive sequence rotor

voltages.

V,_cos(at+6,)

V. cos(at+6,— 2?”) (13)

V_cos(ot+6, - 4?”)
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Fig. 6: Phasor diagram of DFIM for four quadrants (with unity stator power factor). (a) sub-synchronous motoring, (b) super-
synchronous motoring, (¢) sub-synchronous generating, (d) super-synchronous generating.

Using (13), the dg components of the rotor voltage can ) 3 _ 3
be easily determined. The result is: iy = EI”” cos(y), i, = EV,m sin(y) (18)
v, = JE\/rm cos(8,),v, = \/Evrm sin(6,) (15) Using (18), the following expression represents the rotor
2 2 current phasor:
Because the voltages are assumed to be balanced, there _ 3. e
will be no zero-sequence component (v, =0). I =i, + i, = EMGJ ! (19)
The rotor voltage phasor can now be expressed using the Since the transformation is power-invariant, the active
d-axis and g-axis components in the synchronous reference and reactive powers supplied into the rotor are expressed as
frame, resulting in: follows:
— . 3, ——n 3 . .
Vr = Vdr + qur = Evrme (16) Pr = real (Vrl r) = (E)Vrm I rm COS((D) = Vdr Idr +Vqr|qr
2 (20)
It is observed that for (@, >0), a three-phase positive Q, =imag(V.1)) = (E)lerm Sin(@) =V, i, — Vg,
sequence rotor voltage set is converted to DC values in the ) o
synchronous reference frame. In the preceding derivations ((13)-(20)), a sub-
synchronous mode of operation corresponding to (@, >0)

Assuming that each rotor phase current lags its
corresponding phase voltage by an angle of (¢ ), the three- was as_sumed. As anext step, the super-synch_ronous mode of
operation is studied. In this mode corresponding to (@, <0),
the rotor voltages with the same expression will appear as a
negative sequence set:

phase rotor currents are represented as follows:

i,=1,cos(ot+6,—p)=1_cos(ot+y)
. 2
i =1_cos(ot+y —?”) 17 v, =V_cos(at+6,) =V, cos(m, |t-6,)

2 2
v, =V, cos(wt+6, - ?ﬂ) =V, cos(|lw, [t-6, + ?ﬂ) (21)

i, =1 cos(a)rt+y—4?”)

Ci

v =V cos(wt+0 4”) V cos(|w |t—0 + 4”)
- = a) —_——_—) = a) —_ —_—
where y has been defined to be: y =6, —¢. oo 3 " ' °3

The dg components of the rotor current are derived as The exact same d-axis and g-axis voltage components
follows: and rotor voltage phasor are obtained for negative sequence

187
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voltages when they are transformed to the synchronous
reference frame ((15) and (16)).

Now, the rotor currents at super-synchronous speed are
expressed in their abc reference frame and then transformed
to the synchronous reference frame. Again, it is supposed that
the rotor phase current lags the phase voltage by an angle of

(o)

v, =V, cos(ot+6) =V, cos(w |t-6,)=

i,=1_cos(|lo |t—-6,—p)=1cos(ot+6,+p) (22)
Similarly:

v, =V, _cos(at+6, - 2?”) =V _cos(|w, |t—-06,+ 2?”)

:>ibr=Irmcos(|a)r|t—90+2?”—¢)=... (23)

2
I cos(ot+6,+¢— ?)

and:

. 4

i, =1, cos(at+6,+¢p- ?) (24)

Defining (7 =6, +¢), the rotor currents are transformed
to the synchronous reference frame, resulting in:

idr = \/gl m COS(?”), iqr = \/gvrm Sln(}/)

Finally, the rotor current phasor is derived as follows:

— — i(6o+o)
Ir_ldr+J|qr_ Elrme o

Considering (16) and (26), it can be seen that, for super-
synchronous operation, if the rotor phase currents lag (lead)
their respective phase voltages by an angle of ¢, the dq rotor

currents will lead (lag) their respective dq rotor voltages by
the same angle.

(25)

(26)

Since the relative angle between the rotor phase voltage
and current has not changed (it can be assumed that a load is
connected to the rotor terminals to fix the relative angles), it
is expected that the rotor active and reactive powers remain
the same as they were when the rotor was rotating at sub-
synchronous speed. Manipulation of the dq voltage and
current expressions ((15), (16), (25), and (26)) yields:

3
P=(S)\V.I
P =GOVl

cos(p) =real(V.1) =v,i, +V,i,
@7)

Q, = V1 sine) = -imagQV 7)) =~(v,i, -,

Equation (27) demonstrates that while the expression for
rotor active power is independent of whether the rotor is
operating in sub-synchronous or super-synchronous mode,
for the reactive power supplied to the rotor, it is important to
consider whether the speed is sub-synchronous (where (20) is
valid) or super-synchronous (where (27) is valid).

It is advisable not to modify the equivalent circuit
referred to the stator and the phasor diagram based on this
circuit in accordance with the operating speed of the
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machine. Rather, while other relationships remain unchanged
for super-synchronous speed, the expression for reactive
power supplied into the rotor of the DFIM from the RSC
should be modified. The following general expression for
rotor reactive power is proposed for use at all operating
speeds:

Q, =sign(s)*imag(V,1,) = sign(s) *(Vi, —V,i,)  (28)

The coefficient (sign(s)) in (28) accounts for sub-
synchronous (positive slip, therefore sign(s) =1) and super-
synchronous (negative slip, therefore sign(s) =—1) speeds.

6. RESULTS AND DISCUSSION

To demonstrate the effectiveness of the proposed rotor
reactive power relation given by (28), a DFIM with the
specifications listed in Table 1 is simulated in Matlab®
Simulink under vector control using reference values of rotor
speed and stator reactive power. The mechanical torque is
taken as the input to the system. This could be load torque in
the case of a motor or turbine torque in the case of a generator.
As per the adopted motoring convention, positive values of
mechanical torque and stator active power indicate motoring
operation, whereas negative values of these variables indicate
generation. In accordance with [21], the reference stator
reactive power is kept at zero in order for the machine to be
magnetized through the rotor; in other words, under this
control scenario, positive reactive power must be supplied to
the rotor in various operating modes. For the first 15 seconds,
the reference speed is maintained at 0.7 pu (i.e., sub-
synchronous speed), and then it changes to 1.3 pu (i.e., super-
synchronous speed). Fig. 7 shows the active and reactive
powers supplied into the stator winding for motoring
operation. To simulate this mode of operation, a positive
value of input torque (load torque) was used. Given the
objective of this paper, which is not centered around control
of the system's performance, transients occurring in the
waveforms are not deemed important and emphasis is made
on their steady-state values. Fig. 8 depicts the variation of
rotor abc currents when in motoring mode at two distinct
operating speeds. On the left side of the figure, corresponding
to the sub-synchronous speed, the currents indicate a positive
sequence. Conversely, on the right side of the figure,
corresponding to the super-synchronous speed, the currents
indicate a negative sequence. The same phase reversal
phenomenon is observed for rotor voltages as well (Fig. 9).
Fig. 10 illustrates the relative time displacement of the rotor
phase-a voltage and current waveforms for motoring
operation at sub-synchronous (left) and super-synchronous
(right) speeds. It is interesting to note that the rotor current
always lags the rotor voltage, regardless of the operating
speed. This was expected because, with the stator's reactive
power maintained at zero, the DFIM should be magnetized

Table 1: Specifications of the simulated DFIM.

Parameter Unit Value
Stator resistance pu 0.05
Rotor resistance pu 0.02
Stator leakage inductance pu 0.1
Rotor leakage inductance pu 0.1
Magnetizing inductance pu 5
Base frequency Hz 60
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Fig. 7: Stator active and reactive powers for positive input
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Fig. 9: Rotor phase voltages for motoring mode (left: sub-
synchronous, right: super-synchronous).

through the rotor; therefore, from the standpoint of the RSC,
the rotor is inductive. For sub-synchronous speed (left), the
rotor current lags the rotor voltage by more than 90 degrees,
indicating that the rotor active power is negative (power
supplied from the rotor to the RSC). In contrast, for super-
synchronous speed (right), the rotor current lags the rotor
voltage by an angle less than 90 degrees, indicating that the
rotor active power is positive (power supplied into the rotor
from the RSC). This is consistent with what has been reported
in the literature [3]. Fig. 11 shows a comparison between the
reactive power of the rotor calculated with the traditional
equation (20) and the modified equation (28). Clearly, the
rotor's steady-state reactive power must be positive for the
machine to be magnetized. While both expressions produce
similar results for sub-synchronous speeds, only the modified
relation derived in this paper yields the correct rotor reactive
power for super-synchronous speeds.

Fig. 12 shows the variation of stator active and reactive
powers during generating operation. This mode of operation
is achieved by keeping the input torque (turbine torque)
negative. Fig. 13 depicts the variation of rotor abc currents in
generating mode, where the phase sequence of rotor currents
changes as the speed changes from sub-synchronous (left) to
super-synchronous (right). This behavior was also observed
for motoring operation (Fig. 8). As seen in Fig. 14, when the
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Fig. 10: Relative time displacement of rotor voltage and
current for motoring mode (left: sub-synchronous, right:
super-synchronous).
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rotor speed goes from sub-synchronous to super-
synchronous, the sequence of rotor voltages also changes.
Variation of rotor phase-a voltage and current for generating
operation is illustrated in Fig. 15 for both sub-synchronous
(left) and super-synchronous (right) speeds. Similar to Fig.
10, rotor current lags rotor voltage under both conditions for
the same reason.

For sub-synchronous generating operation, active power
must be supplied to the rotor windings, necessitating a phase
angle difference of less than 90 degrees between rotor voltage
and current (left); for super-synchronous generating
operation, active power must be drawn from the rotor to the
RSC, necessitating a phase angle difference of greater than 90
degrees (right). This is again consistent with [3]. As was done
for the motoring mode, the traditional and modified rotor
reactive power expressions are compared for the generating
mode in Fig. 16. Again, it is evident that both relations
produce identical results for sub-synchronous speeds.
Nonetheless, only the modified relation provides the correct
sign of reactive power for super-synchronous speeds. To
validate the proposed modified rotor reactive power relation
(28) further, the reactive power requirement of the rotor for
various stator reactive powers is obtained under super-
synchronous rotor speeds for both motoring and generating
modes, and indicated in Fig. 17. The predictions from the
proposed method and the existing reactive power relation are
both drawn for the sake of comparison. The flowchart of
computations using the proposed method is depicted in Fig.
18. For a DFIM with parameters given in Table 1, super-
synchronous operating mode with (s =—0.25) is investigated
using the proposed modified relation and the traditional
relation. The stator voltage is assumed to be 120" pu. For

this scenario, the stator side active power is taken to be
+0.9 p.u. (positive for motoring and negative for generating
operation). Stator reactive power is allowed to vary in the
range Q,,;, <Q, <Q,, and the variation of rotor reactive
power is investigated. Taking the equivalent circuit of DFIM
into account, as the inductive elements in the circuit absorb
reactive power, there is need of reactive power from the rotor
side (Q, > 0) to magnetize the machine when the stator feeds

reactive power to the grid (Q, <0). This is in accordance

with the predictions from the proposed formulation, but in
contrast to the predictions of the traditional formulation,
confirming the validity of the proposed method.

6.1. Sensitivity Analysis

For further analysis, the sensitivity of rotor reactive
power direction to parameter changes (which can occur due
to temperature rise or saturation effects) is investigated by
varying the magnetizing inductance ( L, ) and computing Q,

with respect to Q, for motoring and generating modes, as
illustrated in Fig. 19 and Fig. 20, respectively. The DFIM is
again assumed to be at super-synchronous mode of operation
(s=-0.25) with a stator voltage of 120" pu . It is clear that
the impact of machine parameter changes on rotor reactive
power direction is minimal.
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Fig. 15: Relative time displacement of rotor voltage and
current for generating mode (left: sub-synchronous, right:
super-synchronous).
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7. CONCLUSION

A comprehensive investigation into the impact of super-
synchronous operation of DFIMSs on rotor reactive power was
provided in this paper. Under such operating conditions, the
slip is negative, causing the rotor frequency to be negative.
Clearly, a negative rotor frequency has no physical
significance, but it does indicate a change of the phase
sequence of rotor voltages and currents. It has been
demonstrated that the well-established stator-referred
equivalent circuit of DFIM is valid for both sub-synchronous
and super-synchronous speeds; yet, care must be taken when
dealing with phasor diagrams drawn for super-synchronous
speeds, where the actual rotor variables rotate in the opposite
direction to the stator-referred variables. Also, when
calculating rotor reactive power using dq rotor variables, the
traditional relation must be modified to account for the sign
of slip. While the focus of this article was on conventional
(brushed) doubly fed induction machines, the scope of the
study can be extended to include other types of doubly fed
machines, such as brushless doubly fed machines with
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Fig. 19: Impact of variation of magnetizing inductance on
rotor reactive power for motoring mode (P, =0.9 pu ).
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Fig. 20: Impact of variation of magnetizing inductance on
rotor reactive power for generating mode (P, =-0.9 pu).

induction or reluctance rotors. These electromechanical
converters enjoy comparable advantages of a fractionally
rated converter like the DFIM. Simultaneously, they
eliminate the need for brushes and slip rings found in the
DFIM, rendering them more maintenance-free. A comparable
frequency conversion method is utilised for their modelling,
where the parameters of the secondary stator winding are
referred to the primary stator winding. Future research is
going to focus on investigating the reactive power relation of
the secondary winding, taking the potential reversal in phase
sequence of its voltages and currents into account.
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