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Abstract— The paper considers the control problem
for a motor/generator set where a prime mover drives
a generator and the electrical power produced drives a
motor. Both the generator and the motor are assumed to be
doubly-fed induction machines with direct AC connection
between their stators. The rotors are controlled by threephase converters, so that operation is possible with motor
and generator speeds that are different from each other,
and not synchronized with the electrical frequency of the
stator voltages. The strong couplings between the two
machines motivate the design of an integrated controller.
The paper proposes a general framework for a such design,
based on a joint model of the two machines. A specific
method is also developed for the control of the stator
voltages and the motor velocity. In its simplest form, the
proposed algorithm does not rely on current sensors. A
current command option is also developed that ensures
closer tracking and limiting of the rotor currents. The
algorithm is relatively simple and all its parameters can be
computed based on estimates of the machine parameters.
Practical implementation and testing can be performed
rapidly. Experiments performed on a small-scale laboratory
testbed show very good tracking performance of a speed
reference profile.
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I. I NTRODUCTION
The paper considers the energy conversion system
shown on Fig. 1, which involves a doubly-fed induction
generator (DFIG) and a doubly-fed induction motor
(DFIM). An application to hybrid electric propulsion for
aircraft is envisioned, but other applications are possible
as well. The generator absorbs mechanical power from a
prime mover and generates electrical power. The motor
converts the electrical power back into mechanical power
and applies it to a load. The speed of the prime mover
and of the load can be different, which means that the
motor/generator set can be viewed as a special type of
variable speed transmission. With a gas turbine as prime
mover and a propulsor as load, motor/generator systems
of this type are being considered as new propulsion

solutions for future aircraft. Electric propulsion would
enable novel airplane configurations, possibly increasing
efficiency and reducing noise as well as pollution.
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Fig. 1. Motor/generator set with doubly-fed induction machines

In an implementation comparable to existing hybrid
electric cars, AC power would be produced by a generator, converted to DC, and then back to AC with variable
voltage and frequency to drive an electric motor. Two
power electronic converters would be needed at the full
rated power. The alternative concept proposed in [1] and
represented in Fig. 1 is such that power is transferred
without conversion from the stator of one machine to
the other. Power electronic converters are needed for
generator and motor control (through the rotors), but
involve only a fraction of the total power transferred
for a range of operating condtions. This property of the
machines is the reason behind the prevalence of doublyfed induction generators in wind power [2].
The control of a motor/generator set presents challenges that have not received much attention before.
While decoupled control of the motor and generator
is possible, large demands from the load may produce
significant drops in the AC bus voltage and deteriorate
the load speed regulation. The problem can be alleviated
if energy storage is included between the motor and the
generator. In this context, [3] proposes a methodology to
manage the transfer of energy between motor, generator,
and storage. Under consideration is an architecture with
DC link and full power converters. Conversely, [4]
considers the coordination of two doubly-fed induction
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generators in a stator connection similar to Fig. 1, but
without a variable motor load.
The system as shown on Fig. 1 was considered in
[5], with a power supply replacing the generator and
with multiple motors placed in parallel. Experiments
performed afterwards with a generator controlled independently from the motors showed good results but
also visible drops of stator voltage when the motors
accelerated rapidly [6]. The method proposed in this
paper coordinates the control of the generator and of the
motor so that the rotor side converters control together
the torque applied to the load and the AC bus voltage.
One device does not react to the actions of the other.
Instead, their actions are coordinated and the controllers
for the two machines are integrated into a single motor/generator controller.
In order to approach the control problem, the paper
adopts a complex variable representation of the doublyfed induction machines. The use of such models for
steady-state analysis is common, but is less typical for
transient analysis, although not new [7]. Yet, various
applications have emerged over the years, especially in
energy systems [8], but also in signal processing and
some mechanical systems [9]. Increasingly, the complex
representation is used not only to simplify the equations
of the system, but also to design and implement control
systems [10], [11], [12]. The controllers developed in
this paper were coded using complex arithmetic, with
real/complex and complex/real interfaces to the signals
from the sensors and to the actuators. Increasingly, algorithms are also analyzed in the complex domain using
frequency-domain and Nyquist tools [13], and complex
root-locus methods [14]. In some cases, results were
obtained that were not known or could not be derived in
the real domain [15], [16].
The paper first develops an integrated model of the
combined motor/generator set that accounts for the stator
voltages and currents of the two machines being equal
(except for a sign change for the currents). The original electrical model of the motor/generator set in DQ
variables has a total of eight differential equations. With
the integrated representation using complex variables, a
model with only three differential equations is obtained.
Through this considerable reduction in size of the model,
an integrated control algorithm is derived that is remarkably simple and effective. Two options are considered:
the first is referred to as the voltage command mode and
does not measure the rotor currents, while the second
called the current command mode uses measurements
of the rotor currents to actively control these currents
and limit their amplitude for the protection of the converters. The control methods are tested successfully on
an experimental testbed and the data demonstrates close
tracking of a speed profile by the motor. The results

are achieved with the speed of the generator following a
different profile than the motor, and operation alternating
between sub-synchronous and super-synchronous modes
at different times on the motor and the generator sides.
II. M ODEL OF THE MOTOR / GENERATOR SET
A. Three-phase to complex transformation
A doubly-fed induction machine with three stator
windings and three rotor windings is considered. The
voltages applied to the stator windings are denoted vSA ,
vSB , vSC , while the currents flowing in the windings are
denoted iSA , iSB , iSC (with the convention that power
is absorbed by the winding if the product of voltage
times current is positive). Similarly, the voltages applied
to the rotor windings are denoted vRX , vRY , vRZ , with
the currents flowing into the windings denoted iRX , iRY ,
iRZ .
The mechanical position is determined by the angle
θ (in rad) between winding X of the rotor and winding
A of the stator. The mechanical speed is denoted ω =
dθ/dt (in rad/s).
A three-phase to complex transformation (or 3-c
transformation) is applied to the three-phase variables
and is defined by
r 

2
vSA + vSB ej2π/3 + vSC e−j2π/3 e−jθS
vS =
3
(1)
where θS is an electrical angle (in rad) to be defined
and vS is a complex (scalar) signal. The stator currents
are transformed using the same 3-c transformation to
produce the complex variable iS . Typically, the complex variable is separated into its real and imaginary
components, which are then labelled D and Q, i.e.,
vS = vSD + jvSQ . If the angle θS is chosen such that
vSQ = 0, the frame of reference is said to be oriented on
the stator voltage. In this paper, the angle θS is chosen
such that the orientation is on the commanded stator
voltage, rather than the actual stator voltage.
For the rotor variables, the 3-c transformation uses a
different angle θR (in rad), so that
r 

2
vRX + vRY ej2π/3 + vRZ e−j2π/3 e−jθR
vR =
3
(2)
where
θR = θS − NP θ
(3)
and NP is the number of pole pairs of the machine.
The following properties of the 3 − c transformation
will be used. Consider the operation in sinusoidal steadystate such that the angular frequency ωS (in rad/s)
ωS =

dθS
dt

2
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is constant. Then, ωS is also the angular frequency of the
stator voltages and currents, and the complex variables
vS and iS become
r
r
3
3
vS =
Vpk , iS =
Ipk e−jϕ
(5)
2
2
In other words, vS and iS become equal to scaled
phasors for vSA and iSA (as well as phasors for vSB ,
vSC , iSB , and iSC , with phase shifts of ±2π/3). One
also has that pS and qS , the total active and reactive
powers absorbed by the machine, are given by
3
pS + jqS = vS i∗S = Vpk Ipk ejϕ
(6)
2
where i∗S denotes the complex conjugate of iS . Even
though these identities are valid
pin steady-state,pthe variables of the complex model 2/3 |vS | and 2/3 |iS |
provide instantaneous estimates of the peak voltage and
the peak current, while Re(vS i∗S ), and Im(vS i∗S ) provide
instantaneous estimates of the active power and the
reactive power absorbed by the stator of the machine.

2) Model of the doubly-fed induction generator: For
the generator, the variables RS , LS , M , RR , LR , NP , ω,
and ωR are replaced by RSG , LSG , MG , RRG , LRG ,
NP G , ωG , and ωRG . The variables vSG , iSG are not
used, relying instead on the motor/generator connection,
which is such that vSG = vS , iSG = −iS . The variables
θS and ωS are also used for the reference frame of the
generator. The generator model is then
diRG
diS
+ MG
= vS + ZSG iS − ZM SG iRG
dt
dt
diS
diRG
−MG
+ LRG
= vRG − ZRG iRG + ZM RG iS
dt
dt
(11)
−LSG

where
ZSG = RSG + jωS LSG , ZM SG = jωS MG
ZRG = RRG + jωRG LRG , ZM RG = jωRG MG
(12)
and
ωRG = ωS − NP G ωG

B. Complex model of a motor/generator set
1) Model of the doubly-fed induction motor: In the
complex coordinates, the model of a doubly-fed induction machine is
diS
diR
LS
+M
= vS − ZS iS − ZM S iR
dt
dt
diS
diR
M
+ LR
= vR − ZR iR − ZM R iS
(7)
dt
dt
where
ZS = RS + jωS LS , ZM S = jωS M
ZR = RR + jωR LR , ZM R = jωR M

Note that the number of pole pairs of the generator,
denoted NP G , is allowed to be different from the motor,
so that the motor and generator speeds could be quite
different.
3) Integrated model of the motor/generator set: The
complex model of the motor/generator set is composed
of the four differential equations (7) and (11), but there
are only three independent (complex) states (iS , iR ,
and iRG ). On the other hand, the voltage vS is an
output of the system. By subtracting the stator equations,
an integrated model of the motor/generator set can be
obtained
diR
diRG
diS
+M
− MG
=
(LS + LSG )
dt
dt
dt
−(ZS + ZSG )iS − ZM S iR + ZM SG iRG
diS
diR
+ LR
= vR − ZR iR − ZM R iS
M
dt
dt
diS
diRG
−MG
+ LRG
= vRG − ZRG iRG + ZM RG iS
dt
dt
(14)

(8)

and ωR is the angular frequency (in rad/s) of rotation of
the reference frame for the rotor
ωR = ωS − NP ω

(13)

(9)

which becomes the slip frequency in steady-state. RS
and RR are the stator and rotor winding resistances, LS
and LR are the stator and rotor winding inductances, and
M is the mutual inductance between stator and rotor
windings when aligned. The torque of the machine is
given by
τM = nP M Im (iS i∗R )
(10)

A remarkable result is that, although the combination of
the two machines involves twelve windings, the complex
representation yields a model with only three complex
variables.

and is defined positive if acting in the positive angular
direction (motoring). The voltages and currents are complex functions of time, but the mechanical rotor speed
ω, the electrical frequencies ωS and ωR , and the torque
τM are real variables. In [17], this model was used to
develop a control algorithm for a doubly-fed induction
motor. This paper uses similar techniques, but solves the
more complicated problem involving a motor/generator
set.

III. C ONTROL OF THE MOTOR / GENERATOR SET
A. Overall organization of the control law
The structure of the control law is shown in Fig. 2.
Three reference values are provided: vREF the reference
value for the magnitude of the complex stator voltage
vS (in V), ωREF the reference value for the speed of
3
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the motor (in rad/s), and fREF , the reference value for
the frequency of the stator voltages (in Hz). The figure
shows four components that are described below.

f REF
vREF
vS

ω REF
ω

where
LM AT

v
Voltage S,COM
control
Rotor
Rotor vR
command
current
compucontrol v
RG
tation
Speed
control τCOM
i R,COM iR i RG
i RG,COM

2

LR − L M
S + LSG
=
M MG
LS + LSG



M MG
LS + LSG

2
MG
LRG − L + L
S
SG
(17)

and
M xR
LS + LSG
MG xR
= ZRG iRG − ZM RG iS −
LS + LSG

uR = ZR iR + ZM R iS +
uRG

(18)

while
xR = (ZS + ZSG )iS + ZM S iR − ZM SG iRG

(19)

Fig. 2. Overall organization of the control law

The current control algorithm is then given by

 
 

KIC
vR
uR
=
+ KP C +
vRG
uRG
s


iR,COM − iR
LM AT
(20)
iRG,COM − iRG

B. Rotor current control
An inner control system is used to ensure that the
rotor currents track commands iR,COM and iRG,COM .
Two options are considered: a voltage command mode
that does not use current measurements, and a current
command mode that uses current measurements to ensure tighter tracking and limiting of the rotor currents.
1) Voltage command mode: In the voltage command
mode, the inner control loop is an open-loop command
based on the steady-state response of the machine (which
corresponds to zero derivatives). Based on (14), the rotor
voltages are set to
vR = ZR iR,COM + ZM R iS
vRG = ZRG iRG,COM − ZM RG iS

where KP C and KIC are proportional and integral
gains of the control loop. Note that the PI controller is
actually a two-dimensional controller applied to a vector
of complex variables so that, in the real variables, there
are actually four identical PI controllers regulating the
two sets of three-phase rotor currents.
In ideal conditions (that is, if the model is exact),
the closed-loop dynamics of the rotor currents can be
obtained by converting (16) to the Laplace domain and
applying the control law (20). Cancelling LM AT that
appears on both sides of the equation, the dynamics of
the rotor currents simplify to the two (four in the real
domain) decoupled second-order systems




KP C s + KIC
iR,COM
iR
= 2
iRG,COM
iRG
s + KP C s + KIC
(21)
For example, the poles of the current loop can be set at
some desired locations s = −aDC by letting KP C =
2aDC , and KIC = a2DC . The parameter aDC can be
interpreted as the inverse of a time constant aDC = 1/τ ,
or as a measure of the bandwidth of the current loop in
rad/s. Generally, one will want to set the parameter aDC
as high as possible, with limits imposed by the noise on
the current measurements and unmodelled dynamics in
the current loop.

(15)

The drawbacks of the voltage command mode are that
the system is assumed to be open-loop stable (which
is not straightforward to prove for arbitrary motor and
generator speeds), and that the rotor currents are not
actively regulated. On the other hand, the control system
is simpler, and can be useful as an intermediate step in
the testing of the current command mode.
2) Current command mode: Current control laws for
cage rotor induction machines are developed using the
complex representation in [18], [19], [20]. The algorithm
given here is similar in principle to the one presented in
[20], although considerably different since the currents
of two interconnected machines are controlled instead of
those of a single machine. The current control loop is
designed by obtaining a model involving only diR /dt
and diRG /dt. Extracting diS /dt from the first equation
of (14) and substituting it in the second and third
equations, the following equations are obtained

diR ! 
vR − uR
dt
=
(16)
LM AT
diRG
vRG − uRG
dt

C. Rotor command computation
The rotor current commands are used to follow stator
voltage and current commands. Defining
LT = LS + LSG , ZT = ZS + ZSG

(22)

(14) gives the relationship
(sLT + ZT ) iS = −DM S (s)iR + DM SG (s)iRG (23)
4
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Accordingly, the stator current command is set to

where

iS,COM = iCOM e

DM S (s) = sM + ZM S , DM SG (s) = sMG + ZM SG
(24)
On the other hand, (7) gives the stator voltage
vS = (sLS + ZS ) iS + (sM + ZM S ) iR

(25)

(26)

where
DS (s) = sLS + ZS , DSG (s) = sLSG + ZSG

(27)

Note that the stator resistance RS may be neglected
for a large machine, and the current command simply
becomes
ωS τCOM
(36)
iCOM =
NP |vS |

Then, (21), (23), and (26) yield the system response




vS
iR,COM
= G(s)
(28)
iS
iRG,COM
where
KP C s + KIC
G(s) =
(sLT + ZT ) (s2 + KP C s + KIC )


DSG (s)DM S (s) DS (s)DM SG (s)
−DM S (s)
DM SG (s)

D. Voltage control
Two references are specified by the user for this
control loop: a magnitude voltage reference vREF (in
V) and a frequency reference fREF (in Hz). vREF
specifies
the desired value of |vS |, so that vREF =
p
3/2 vpk,REF , where vpk,REF is the reference value
for the peak line-neutral stator voltage, as indicated by
(5). The frequency reference is used to define the angular
frequency of the reference frame with

(29)

Note that the transfer function matrix G(s) is stable,
having the poles of the rotor current control loop and
a pole at s = −ZT /LT with negative real part. A
simple approach for the rotor current command consists
in setting




iR,COM
vS,COM
−1
= G(0)
(30)
iRG,COM
iS,COM

ωS = 2πfREF

Using G(0) as an approximation for G(s), vS =
vS,COM , so that vS is real and
s + KIV
vS
=
=1
(39)
vREF
s + KIV
In practice, small errors and perturbations will be compensated by a closed-loop system having approximately
the dynamics of a first-order linear time-invariant system. A desired value of s = −aDV is obtained by
letting KIV = aDV . The full dynamics involve the
transfer function matrix G(s) in (29) instead of G(0).
To justify neglecting the dynamics of (29), the pole at
s = −aDV should be sufficiently small (for example,

2

(31)

Setting qS = 0, (6) implies that
2

vS i∗S = RS |iS | +

ωS τM
NP

(37)

and the angle of the reference frame θS is obtained by
integrating (4).
The variable vS,COM is chosen to be real, which
results in an alignment of the reference frame on the
commanded stator voltage. An integral control algorithm
is useful to ensure the regulation of the magnitude of the
stator voltage in steady-state despite errors in the model.
Specifically, we let
Z
vS,COM = vREF + KIV (vREF − |vS |)dt
(38)

where vS,COM and iS,COM are stator voltage and current commands to be defined. The response from the
stator commands to the stator variables is then determined by a stable system with a gain equal to the identity
matrix at low frequencies. More advanced control laws
are possible using the dynamic model (28)-(29), but were
not found necessary in the experiments of the paper.
The stator current command iS,COM is computed
from the torque command τCOM shown in Fig. 2 and
a set-point for the reactive power qS transferred from
the generator to the motor. Although other choices can
be made, the set-point for the variable qS is chosen
to be zero to minimize the magnitude of the currents
exchanged between the stators. From the model of the
motor (7), (8) and (10), one can deduce that
Re(vS i∗S ) = RS |iS | + ωS M Im (iS i∗R )
ωS τM
2
= RS |iS | +
NP

(33)

where iCOM is a real variable that solves the quadratic
equation
ωS τCOM
RS i2COM − |vS | iCOM +
=0
(34)
NP
and τCOM is the torque command. The solution of (34)
such that τCOM = 0 corresponds to iCOM = 0 is given
by
q
2
|vS | − |vS | − 4RS (ωS /NP )τCOM
iCOM =
(35)
2RS

Combining (25) with (23) and simplifying the result, one
finds
(sLT + ZT ) vS = DSG (s)DM S (s)iR
+ DS (s)DM SG (s)iRG

j]vS

(32)
5

Copyright (c) 2019 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at
http://dx.doi.org/10.1109/JESTPE.2019.2954774

aDV 6 aDC /10). Note that the control law (38) was
chosen to be a pure integral control law to reduce the
effect of noise from the voltage measurement.

G. Command limiting
Command limiting is useful to ensure that:
• the algorithm is well-defined (in particular, the
arguments of the square roots are positive).
• limits on the rotor currents are satisfied (to protect
the machines and the rotor side converters).
• windup of the control laws is prevented.
The rotor currents are assumed to be constrained so
that |iR | 6 iR,M AX and |iRG | 6 iRG,M AX . Then, the
following limits can be derived (the alternative implementation is assumed).
1) Voltage command limit: The rotor current limits
impose a limit on the achievable stator voltage. For zero
torque command, which is equivalent to iS,COM = 0,
the stator voltage is given by

E. Speed control
A second outer control loop regulates the speed, given
a speed reference ωREF . The torque command is set to
Z
τCOM = KP (ωREF − ω) + KI (ωREF − ω)dt (40)
where KP , KI are proportional and integral gains of the
velocity controller. For the selection of the PI gains, a
model of the mechanical system of the motor should be
assumed. For example, assume that the dynamics of the
motor are characterized by the mechanical equation
dω
= τM − τL
(41)
dt
where J is the inertia of the motor (including the load),
and τL is the non-inertial component of the load torque
(assumed to be constant for analysis). Assuming that
the torque command is tracked by the inner loop, so
that τM = τCOM , and treating the load torque as a
disturbance, the closed-loop poles of the speed control
loop are given by the roots of

vS = jωS M iR

J

Js2 + KP s + KI = 0

(43)

Therefore, the stator voltage command should be limited
to
vS,COM 6 min(ωS M iR,M AX , ωS MG iRG,M AX )
(44)
Note that a smaller limit may be applied to leave room
for a nonzero torque command. In any case, the limit
should also be used to prevent windup of the voltage
control loop.
2) Torque command limit: A first torque limit originates from the existence of the square root in (35), which
requires

(42)

Both poles of the velocity loop can be set at some
desired value s = −aD by letting KP = 2aD J and
KI = a2D J. Again, to justify neglecting the dynamics of
(29), the pole at s = −aD should be sufficiently small
(for example, aD 6 aDC /10). In the implementation,
the term KP (ωREF − ω) may also be replaced by
KF KP ωREF − KP ω, where KF 6 1 is a parameter
adjusted to move the zero of the closed-loop transfer
function further into the left half-plane and avoid a
possible overshoot in the responses.

2
NP vS,COM
(45)
4RS ωS
The torque command should also be limited so that rotor
current limits are observed. The result is obtained by
first finding a condition on the stator current command
iS,COM , and then deriving a torque command limit.
From (25) in steady-state (s = 0) and where vS , iS ,
iR are replaced by the commands

τCOM 6 τM AX,0 ,

2

2

(vS,COM − RS iCOM ) + (ωS LS iCOM )

F. Alternative implementation

= (ωS M iR,COM )2

An alternative implementation consists in replacing
some of the current variables by the associated commands, which reduces the amount of noise re-injected
in the system through the control law. Specifically, iR
and iRG are replaced by iR,COM and iRG,COM in all
the equations except (20), and iS is replaced by iS,COM .
The overall algorithm is then composed of only a few
equations in the complex domain. With the procedure
as described, all the parameters of the proposed control
algorithm can be specified based on a priori knowledge
of the electrical parameters and of the motor inertia
(including the load), together with desired locations for
the closed-loop poles (aDC for the rotor current control
loop, aDV for the voltage control loop, and aD for the
velocity control loop).

(46)

so that |iR,COM | 6 iR,M AX if and only if
a1 i2COM − 2a2 iCOM − a3 6 0

(47)

where
2

a1 = RS2 + (ωS LS ) , a2 = RS vS,COM ,
2
a3 = (ωS M iR,M AX )2 − vS,COM

(48)

From (44), it follows a3 > 0. An equality is obtained in
(48) for
p
a2 + a22 + a1 a3
,
iM AX =
a
p 1
a2 − a22 + a1 a3
iM IN =
(49)
a1
6
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and (47) is satisfied when iCOM lies between the two
limits. With (34), the result implies torque limits
τM AX,1
τM IN,1


NP
vS,COM iM AX − RS i2M AX
=
ωS

NP
=
vS,COM iM IN − RS i2M IN
ωS

I. Benefits of the complex representation
The dimension of the complex representation is
smaller than the real representation by a factor of 2.
The model is not an approximation, but rather a compact representation of the system. The algorithm of the
paper could have been derived in the real domain. The
equations would be similar, except that two-dimensional
vectors would replace the complex variables. Some of
the parameters could remain scalar, but would generally
need to become multiples of the identity matrix (such
as the inductances LS , M , . . .). Other parameters would
become non-diagonal matrices (such as the impedances
ZS , ZM S , · · · ). The matrix LM AT would become a
block-diagonal matrix of dimension 4.
Some steps of the derivations are simplified in the
complex domain. For example, division by a complex
number replaces the multiplication by the inverse of a
2x2 matrix. In transfer functions, the denominator polynomial replaces the determinant of a polynomial matrix.
The product of two complex variables commutes, but
this result with real matrices is not automatically known
to be true. With some familiarity, derivations become
streamlined and facilitated in the complex domain.

(50)

For the generator, similar equations hold with G
subscripts, but note the change of sign in aG,2
2

2
aG,1 = RSG
+ (ωS LSG ) , aG,2 = RSG vS,COM ,
2
aG,3 = (ωS MG iRG,M AX )2 − vCOM

(51)

and
aG,2 +

q

aG,2 −

q

iG,M AX =

a2G,2 + aG,1 aG,3
aG,1

iG,M IN =

,

a2G,2 + aG,1 aG,3
aG,1

(52)

so that
NP G
(vS,COM iG,M AX
ωS

−RSG i2G,M AX
NP G
(vS,COM iG,M IN
=
ωS

−RSG i2G,M IN

τM AX,2 =

τM IN,2

IV. E XPERIMENTS
A. Experimental testbed
The algorithm was tested on an experimental testbed
at the University of Utah. The main components and connections of the system are shown on Fig. 3. A dSPACE
DS1104 constituted the data acquisition and control
system system. The dSPACE system was programmed
in Matlab/Simulink. A Hirel Systems inverter board
included the two rotor side converters, whose output
voltages were applied to the rotors (vR and vRG ). The
generator (DFIG) was connected mechanically to a brush
DC motor, which served as a prime mover. A constant
voltage was applied to the motor, and the voltage was
varied along a pre-specified profile to increase or reduce
the speed of the generator without precise regulation.

(53)

Overall, the following torque limits are obtained
τM AX = min(τM AX,0 , τM AX,1 , τM AX,2 )
τM IN = max(τM IN,1 , τM IN,2 )
(54)
If the motor and the generator are identical machines,
τM AX,1 = τM AX,2 and τM IN,1 = τM IN,2 . Otherwise,
the machines should be designed so that performance
would not be significantly reduced by one of the two
machines.
H. Modifications and enhancements

PRIME
MOVER

The following adjustments may also be made:
(a) For a large machine, a reasonable approximation
consists in setting RS = 0. This approximation was
applied in (36), and could also be used to simplify other
equations.
(b) In the derivations, the inductances were assumed
to be constant. Alternatively, the inductances could be
computed as functions of the magnetizing current, using
data on the saturation curve of the machines.
(c) A closed-loop control system could be designed for
the intermediate rotor command computation using the
transfer function matrix G(s).

vPM θG
CONVERTER
PM

3

G
vS

3

vRG

vPM

ωREF, f REF
vpk,REF

RSC
GEN.

vRG

LOAD

M
iS

3

RSC
MOTOR

vR
iRG
DAC
SYSTEM

iR

θ

vR
vL

L
CONVERTER
LOAD

θG , θ
vS , i S

Fig. 3. Main components and connections of the experimental testbed
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Machine parameters
Stator resistance
Rotor resistance
Stator inductance
Rotor inductance
Mutual inductance
Number of pole pairs
Motor inertia

RS
RR
LS
LR
M
NP
J

0.66 Ω
1.07 Ω
12.7 mH
8.5 mH
8.7 mH
2
3.5 10−4 kg m2

B. Experimental results
1) Large reference steps: The first set of results was
obtained with the voltage command mode. Fig. 4 shows
the velocity of the motor (solid line) as well as the
speed reference (dashed line) that was applied to the
velocity controller. The velocity ramped up to about
1,800 rpm, maintained that value for 1.75 seconds, and
then climbed to 3,600 rpm. After a second, the speed
reference decreased along a similar profile. The rate of
variation of the speed was deliberately limited, but was
sufficiently high to exceed the torque capability of the
motor in the first part of the profile. In the rise from
1,800 rpm to 3,600 rpm, it was found that the rate had
to be limited to avoid tripping the DC power supply
providing power to the experiment. As a result, the motor
followed closely the reference for the remainder of the
profile.

TABLE I
L IST AND VALUES OF MACHINE PARAMETERS

Controller parameters
Desired pole for velocity loop
Desired pole for voltage loop
Desired pole for current loop
Feedforward gain
Maximum rotor current
Inverter switching frequency
Sampling frequency

aD
aDV
aDC
KF
iR,M AX
fSW
fS

100 rad/s
100 rad/s
1000 rad/s
2/3
p
3/2 6 A
10 kHz
2 kHz

Motor speed and speed reference (rpm)

TABLE II
L IST AND VALUES OF CONTROLLER PARAMETERS

The motor (DFIM) was connected mechanically to a
squirrel-cage induction generator (SCIG), which served
as a load. In some experiments, a DC voltage vL was
applied to the windings of the SCIG to increase the
load torque. The stators of the DFIG and DFIM were
connected through two current sensors and to a voltage
reduction network for voltage measurement (iS and vS ).
The DC motor connected to the DFIG was driven by a
third inverter on the Hirel board and provided the generator position measurement θG . The SCIG connected to the
DFIM had an encoder that was used to read the DFIM
position θ. The reference values for the speed (ωREF ),
the stator frequency (fREF ), and the peak line-neutral
stator voltage (vpk,REF ) were applied by the operator
through a graphical interface, or pre-programmed for
data collection.
The two doubly-fed induction machines were of the
same model, rated at 30 V, 250 W. The electrical parameters of the doubly-fed induction motor were estimated
through standstill measurements, with the values listed
in Table I. The same parameters were used in the control
algorithm for the generator and for the motor. The
inertia of the doubly-fed induction motor and the inertia
of the load (the SCIG) were estimated separately by
a least-squares algorithm using acceleration data, and
the inertias were summed to yield the inertia listed in
the table. The controller parameters are listed in Table
II. Torque limits (54) were computed in the code to
limit the rotor currents and integrated with anti-windup
protection.

4000

3000

2000

1000

0
7

8

9

10

11

12

13

14

Time (s)
Fig. 4. Motor speed (solid) and speed reference (dashed)

Fig. 5 shows the peak stator voltage. The voltage is
an instantaneous, line-neutral,
peak value obtained using
p
the estimate vpk = 2/3 |vS |. The reference voltage is
not shown because it is the piecewise linear function that
can easily be deduced from the figure. Tracking of the
reference voltage is excellent, even when the speed of
the motor suddenly rises or falls.
Fig. 6 shows the velocity of the generator, which
starts at 1,800 rpm, then is increased when the speed
reference of the motor is raised. The dashed line shows
the reference frequency of the generated voltage divided
by NP and multiplied by 30/π, which is the synchronous
speed (in rpm) for the motor and the generator since
NP = NP G . Note that the speed is not regulated exactly,
but is determined by the voltage applied to the DC motor
driving the generator, together with the load drawn by
8
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Fig. 5. Peak stator voltage

Fig. 7. Peak rotor currents for the generator and the motor

the motor. The generator operates in a sub-synchronous
mode for most of the experiment, with a brief supersynchronous period when the motor rapidly decelerates
at the end. On the other hand, the motor starts in the subsynchronous mode at 100% slip and shifts between suband super-synchronous modes during the experiment.

Torque command and limits (N.m)
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Gen. and synchronous speed (rpm)
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2500

Fig. 8. Torque command with upper and lower torque limits computed
by the algorithm

2000

Fig. 9 shows the active and reactive powers absorbed
by the motor through the stator. The reactive power is
not actively regulated to zero, but is nevertheless small.
As expected, the active power becomes greater at higher
speeds and during periods of rapid acceleration. There
is a brief period of regeneration during the fast braking
period between 13 and 14 seconds, which causes the
generator to become super-synchronous in Fig. 6.
Fig. 10 compares the velocity response for the voltage
command and current command modes. The overall
response with the current command is very similar to
the voltage command mode in Fig. 5. Fig. 10 shows
a close-up during the first acceleration period where a
small difference is visible. One finds that the current
command mode provides a slighly faster acceleration
rate than the voltage command mode.

1500
7

8

9

10

11

12

13

14

Time (s)
Fig. 6. Generator speed (solid) and stator reference frequency expressed as an equivalent synchronous speed (dashed)

Fig. 7 shows the peak rotor currents, obtained using
a similar formula as for the stator voltages. The current
is larger for the generator, and reaches a peak close to
the imposed limit of 6 A through (54).
Fig. 8 shows the torque command, as well as the upper
and lower torque limits computed in real-time using
the formulas. As expected from the velocity and rotor
current plots, the upper torque limit is reached during
the rapid acceleration phase between 7 and 8 seconds.
9

Copyright (c) 2019 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at
http://dx.doi.org/10.1109/JESTPE.2019.2954774

6.5

Active power

Generator peak rotor currents (A)

Stator active and reactive powers (W)
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1000

500

7.6

7.7

10
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14

torque command was replaced by a value that sustained
the speed at its setting of 1,800 rpm. Afterwards, positive
and negative steps with magnitude 0.1 N m and 0.15 N m
were applied. The speed rises and decreases linearly as
expected from (41). During the first pulse, the speed
rises to 1,870 rpm in 0.03 seconds. The 244 rad/s2
acceleration with a torque command of 0.1 N m suggests
an inertia of 4.1 10−4 kg m2 , slightly larger than the
inertia listed in Table I. It is possible that the actual
inertia is larger than the estimate, or that the applied
torque is slightly smaller than the torque command. Also
note that, because the friction is mostly due to Coulomb
friction in the system and does not vary much with speed,
the motor speed does not return exactly to its original
value at the end of the run, even though the torque
command does.
Fig. 13 shows the responses to positive and negative
steps in speed reference, peak stator voltage reference,
and frequency reference using the current command
mode. The red curve shows the response and the dashed
blue curve shows the reference value. The frequency
is an estimate of the instantaneous frequency obtained
off-line. In all cases, first-order responses with time
constants of the order of 10 ms are observed, consistent
with the setting of the closed-loop poles at aD = aDV =
100 rad/s. Only small couplings are observed between
the variables.
Fig. 14 shows the torque command and speed responses to increments of load. The load torque was
increased by applying a DC voltage from phase A of the
three-phase SCIG to phases B and C connected together.
On the torque command plot, the blue curve is the DC
voltage scaled to match the plot. The increase in torque
command is about 0.1 N m from a baseline torque of
0.082 N m due to friction. The load torque based on

1500

7.5

9

Fig. 11. Peak rotor currents in voltage command mode and current
command mode

2000

7.4

8

Time (s)

Fig. 9. Stator active and reactive powers absorbed by the motor

Motor speed and speed reference (rpm)

Voltage command
5.5

3.5
7

0
7.3

Current command
6

7.8

7.9

8

Time (s)
Fig. 10. Velocity response in voltage command and current command

Fig. 11 shows the peak rotor currents in the voltage
command and the current command modes. The current
command response is shifted by a second to avoid
overlap of the responses. One finds that the current
command mode better exploits the full capability of the
motor, which explains the slightly faster response of
Fig. 10. In other situations, it is possible that the voltage
command mode would result in slightly faster response,
but at the price of exceeding the rotor current limit. The
main advantage of the current command mode is not the
small increase of performance seen in Fig. 10, but the
ability to limit the peak current to specified limits despite
uncertainties in the machine models.
2) Dynamic responses: Fig. 12 shows the response
to a torque command τCOM . The machine was started
using the current command and, in steady-state, the
10
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Fig. 12. Speed response to an open-loop torque command

Fig. 13. Responses to steps of speed reference, peak stator voltage
reference, and frequency reference

estimates of the parameters of the induction machine was
computed to be 0.088 N m. The bottom of Fig. 14 shows
that the speed is rapidly brought back to the nominal
value with small transient deviations, and consistent with
the time constant of 10 ms observed in other responses.

ωR /ωS equal to −0.3 implies that power is generated
by the rotor and is equal to 30% of the power generated
by the stator. The rotor power is converted by the rotor
side converter and transmitted to the grid with the stator
power. In an aircraft, operation would occur most of
the time at constant speed and cruising altitude. Supersynchronous operation at 30% slip for the motor and
the generator would probably be a desirable mode of
operation as well. In this case, power would simply
be exchanged between the rotors. In other conditions,
power would need to be transferred in and out of the
storage element. Increasing the speed of the generator
while leaving other variables constant could be a means
of recharging the battery. The energy storage element
could also be connected to the AC bus through a separate
converter, as proposed in [4], and the control strategy
would need to be adjusted accordingly.
(b) the rotor voltage constraints. Slip needs to be limited
to satisfy the constraints on the rotor side converters.
Neglecting the stator and rotor resistances, (7) in steadystate gives

V. I MPLEMENTATION ISSUES
The proposed integrated motor/generator control system constitutes the inner component of a larger control
system that remains a subject of future research. For a
fully functional system, an outer loop would need to set
the reference values for the speed of the prime mover,
the speed for the motor, the stator voltage magnitude,
and the stator voltage frequency. The objective of the
higher level of control would be to optimize the tracking
performance and the efficiency of the system while, as
importantly, satisfying the constraints on the components
of the system. Among these constraints, one should
consider:
(a) the amount of stored energy. Neglecting losses, (7)
and (11) imply that the powers absorbed by the rotors
in steady-state are given by
PR = − (ωR /ωS ) PS , PRG = (ωRG /ωS ) PS

(55)

vS = jωS (LS iS + M iR ) , vR = jωR (LR iR + M iS )
(56)
Neglecting the leakage in the machine, so that LS LR '

where PS is the power absorbed by the stator of the
motor. In wind turbines, operation with a normalized slip
11
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This option has fewer constraints and enables the use of
machines with higher power-to-weight ratio. However,
the solution is not without challenges either. DC storage
would still be necessary for transient power needs, and
two full power converters would be required, as opposed
to two partially rated converters. Not only would there
be greater losses in the power transfer, but also greater
needs for cooling of the power electronics. The extra
cooling would require extra weight and present particular
challenges in the aircraft application.
An advantageous feature of the DFIG/DFIM option is
also in terms of fault-tolerance. If the RSC converter of
the doubly-fed induction motor failed in the architecture
of Fig. 1, the motor could still be operated as a conventional induction machine by short-circuiting the rotor
windings. A similar option would not be feasible for the
full DC/DC architecture with a synchronous motor.
A major technological challenge for the DFIG/DFIM
system in aircraft is the need for slip rings. This feature
would limit operation to low altitudes (possibly for
UAV missions), unless new solutions were developed.
Otherwise, a possibility is the use of brushless doublyfed machines, which have been the subject of much
research recently. In particular, the dynamic models of
brushless doubly-fed reluctance machines are the same
as those used in this paper and the machines could be
controlled using the same methods [21] [22].
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Fig. 14. Responses to steps of load torque

VI. C ONCLUSIONS
The paper proposed a method for the integrated control of a motor/generator set composed of two doubly-fed
induction machines. A core contribution of the paper was
the derivation of a model that accounted for the stator
voltages and currents of the motor and of the generator
being identical in the parallel AC connection (with a sign
reversal for the currents). A representation with complex
variables simplified the derivations considerably, resulting in a state-space description with only three state
variables. Two control algorithms were derived from the
model, the first called voltage command mode, and the
second current command mode, with the latter requiring
rotor current measurements.
Experimental results showed that the methods were
effective at controlling the speed of the motor along
a speed reference. The voltage and frequency of the
stator variables were closely regulated, and the reactive
power transferred from the generator to the motor was
approximately zero. The algorithm required few computations, and the voltage command mode required only
measurements of motor and generator positions. In the
current command mode, improved responses and tighter
current limiting could be achieved. Even so, the voltage
command mode could be useful for initial testing of
the hardware platform, or for continued operation after
current sensor failures.

M 2,


M LS LR
vR = jωR
iR + LS iS
LS
M
ωR M
vS
'
ωS LS

(57)

In grid-tied induction generators, the normalized slip
ωR /ωS is limited (typically to 0.3 in magnitude), so that
the rotor voltage is a fraction (30%) of the stator voltage
reflected to the rotor (M vS /LS ). Controlling the slip is
important in the application of this paper, but the stator
voltage is a free variable that may help to satisfy the
constraints. In the experiments, the motor was started at
100% slip, but with half the stator voltage.
An optimized scheme to set the reference values and
satisfy the limits is left as a subject of future research. A
fully coordinated control algorithm would also integrate
the control of the motor/generator set with the control of
the prime mover. Dynamics of the prime mover would
be taken into account. There are several degrees of
freedom in the system, but many constraints as well.
The constraints would need to be considered during
operation, as well as in the design of the system.
The challenges in making the system of Fig. 1 work
make the full DC/DC conversion approach attractive.
12
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The motor/generator set of Fig. 1 can be interpreted
as a variable speed transmission, converting mechanical
power at one speed to power at a lower or higher speed.
Control of the motor’s speed is achieved electronically
through the rotors of the machines. This powerful result is obtained thanks to the remarkable capabilities
of doubly-fed induction machines. We hope that the
developments of this paper may encourage the incorporation of doubly-fed induction machines in hybrid electric
aircraft, and perhaps other applications as well.
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