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Abstract— This paper presents a sliding mode controller for
a wound rotor synchronous machine, acting as a generator
for an isolated load. The standard dq-model of the machine
is connected to a resistive load. A sliding surface is defined
in order to fulfill control objectives, and the Ideal Sliding
Dynamics is proved to be stable. From the desired surface, the
standard sliding methodology is applied, and a robust controller
is obtained. Numerical simulations are also presented to validate
the control law.

I. INTRODUCTION

The wound rotor synchronous machine (WRSM) is used
for generation and also for driving applications [1]. In the
generation case the field voltage is used for regulating the
stator voltage, while in motor applications this variable can
be used to control the reactive power of the machine [2].
Several techniques are proposed for controlling the WRSM.
Linear techniques are the most used in the industry [3][4], but
decoupling methods [5], widely employed for asynchronous
machines, have also been extended to the synchronous case.
Recently, modern non-linear techniques have been used for
controlling this machine, as passivity-based techniques [6],
or Sliding Mode Control [7].
In general, sliding mode technique is appropriate for

variable structure systems (VSS) as power converters [8].
Even that electrical machines are not VSS, Sliding Mode
Control has been proposed as an appropriate technique for
controlling them [9]. Mainly, this is because of the use of
power converters in applying the electrical machines control
voltages and to the discrete values the voltage take.
There are several sliding mode controllers reported in the

literature for synchronous machines operating both in motor
and generator modes (motor drive applications [10], wind
energy systems [11]). The special case of the WRSM is not
widely studied. In [7] a WRSM (with damping windings) is
considered as a generator directly connected to the grid.
The main goal of this work is to design a sliding mode

control algorithm for a wound rotor synchronous generator
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neering, Universitat Politècnica de Catalunya, 08028 Barcelona, Spain
enric.fossas@upc.edu
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for an isolated load. Usually generation with WRSM is stu-
died for a grid connection, see for example [7]. In this case,
the stator voltage and frequency are fixed by the power grid,
while the rotor voltage helps to improve the power factor
that is, to compensate the reactive power at the connection
point. The stand-alone case is essentially different: neither
amplitude nor frequency of stator voltage are externally
fixed. While the mechanical speed determines the frequency,
the rotor voltage must fix the stator amplitude. As far to our
knowledge, control designs for this kind of configuration are
not reported in the literature. Usually, industry applications
use linear controllers which cannot ensure stability. In this
paper it is shown that the classic sliding mode control
technique is enough to ensure stability and also provides
a fast response. As a first approximation, a resistive load is
considered here in order to consider much complex loads
(non-linear and dynamic loads) in future works.
The paper is organized as follows. In Section II the

wound rotor synchronous machine model is introduced and
its control goals are described. In Section III, the equilibrium
points are computed, the Ideal Sliding Dynamics is analyzed
and the Sliding Mode controller is obtained. The simulation
results are included in Section IV and, finally, conclusions
are stated in Section V.

II. SYSTEM DESCRIPTION
In this Section the dynamic model of the system is

presented. Figure 1 shows the proposed scenario: an Internal
Combustion Engine (ICE) drags a WRSM, which acts as a
generator to fed an isolated load, where ω is the mechanical
speed, vs, vF are the stator and field voltages, and is, iF are
the stator and field currents.

WRSM
LoadICE

+-

is

ω

vs

iF

vF

Fig. 1. Scheme of wound rotor synchronous generator with an isolated
load.

As explained before, this system differs from the typical
grid connection in that, in the last case, the frequency and
the voltage amplitude are fixed by the grid. For an isolated
connection the frequency is determined by the mechanical
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speed (provided by the ICE), while the voltage amplitude
must be assured by the rotor field voltage.

A. Dynamic model
From the well-known dynamical equations (in the dq

coordinates) of the WRSM, and the interconnection rules
with a pure resistor load, the whole dynamical system is
presented.
Let us to use a dq reference given by the mechanical speed.

Then, assuming that the mechanical speed is externally
regulated by the ICE, the electrical part of the wound rotor
synchronous machine can described as

L
dx
dt

=

⎛
⎝ −Rs ωLs 0
−ωLs −Rs −ωLm

0 0 −RF

⎞
⎠ x +

⎛
⎝ vd

vq

vF

⎞
⎠ (1)

where

L =

⎛
⎝ Ls 0 Lm

0 Ls 0
Lm 0 LF

⎞
⎠

is the inductance matrix, xT = (id, iq, iF ) ∈ R
3 are the dq-

stator and field currents, Rs and RF are the stator and field
resistances, Ls, Lm and LF are the stator, mutual and field
inductances, ω is the mechanical speed1, vd, vq and vF are
the dq-stator voltages and the field voltage which will be
used as a control input.

WRSM

+-

Load

is

ω

vs

iF

vF

iL

vL

Fig. 2. Detail of the interconnection between a wound rotor synchronous
machine and a load.

In order to design the control law, let us obtain the
complete model of a WRSM connected to a resistive load
RL. The interconnection scheme is depicted in Figure 2,
where vT

L = (vLd, vLq) ∈ R
2 and iTL = (iLd, iLq) ∈ R

2 are
the dq load voltages and currents, which are related by(

vLd

vLq

)
= RL

(
iLd

iLq

)
, (2)

where RL is the resistance value. The interconnection rules,
according to Fig. 2 are

vs = vL

iL = −is.

Now, putting together (1) and (2), the system can be written
in an affine form as

L
dx
dt

= Ax + Gu, (3)

1For simplicity it is considered a 2-poles machine.

where u = vF , L is the inductance matrix defined before,

A =

⎛
⎝ −(Rs + RL) ωLs 0

−ωLs −(Rs + RL) −ωLm

0 0 −RF

⎞
⎠ ,

and

G =

⎛
⎝ 0

0
1

⎞
⎠ .

B. Control objective
As mentioned before, this machine must ensure stator vol-

tage amplitude and frequency. For a synchronous machine,
the stator frequency is directly given by the mechanical
speed, which, in this paper is assumed to be constant and
externally regulated. Then, the system output is the stator
voltage amplitude Vs, which can be easily obtained, in a
dq-framework as

Vs =
√

v2
d + v2

q . (4)

Last equation can be expressed in current terms using (2),
which yields

Vs = RL

√
i2d + i2q, (5)

and the control input is the field voltage vF .

III. CONTROL DESIGN
In this Section the Sliding Mode Control technique is

applied to an isolated wound rotor synchronous generator.
First, after defining the sliding surface, the equivalent control
and the equilibria points are computed. Then, an Ideal Sliding
Dynamics study validates the selected sliding surface and,
finally, the controller is obtained.

A. Sliding surface and equivalent control
According to the control goals we define sliding surface

s(x) as
s(x) = V 2

s − V 2
ref .

Note that, we take V 2
s to avoid the square root function of

(4). Using (4) and (2) we can express the sliding surface
with the state variables

s(x) = R2
L(i2d + i2q)− V 2

ref . (6)

The equivalent control is defined so that ṡ = 0,
∂s

∂x

dx
dt

= 0. (7)

Then, from (3), (7) and (1),
∂s

∂x
L−1 (Ax + Gueq) = 0.

Hence

ueq = −

(
∂s

∂x
L−1G

)
−1

∂s

∂x
L−1Ax, (8)

or, replacing the matrices and the partial derivatives,

ueq = RF iF −
LF

Lm

(Rs + RL)id + ωLmiq

−
μ

Ls

(
(Rs + RL)

Lm

iq + ωiF

)
iq

id
, (9)
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id

i∗d

i∗d

i∗q

i∗q

δ∗

iq

(10)

(13)

Fig. 3. Equilibrium point distribution.

where μ = LsLF − L2
m, which is positive.

The sliding surface is a cylinder in the three-dimensional
space (id, iq, iF ). Sliding motion can be expected only in the
cylinder subspace defined by id �= 0 where transversallity
condition holds. Actually, in order to the equivalent control
be bounded, a closed set must be taken.

B. Equilibrium points
Let us to compute the equilibrium points. From (3) and

imposing (5) the equilibrium point must satisfy

0 = −(Rs + RL)i∗d + ωLsi
∗

q (10)
0 = −ωLsi

∗

d − (Rs + RL)i∗q − ωLmi∗F (11)
0 = −RF i∗F + v∗F (12)

V 2
ref = R2

L(i∗2d + i∗2q ). (13)

The i∗d and i∗q values can be computed as follows. Note that
(10) and (13) can be represented as the intersection of a
circle with a straight line, see Fig. 3.
Defining δ∗ such that

i∗d =
Vref

RL

cos δ∗ (14)

i∗q =
Vref

RL

sin δ∗ (15)

equation (13) is automatically achieved. Then, replacing (14)
and (15) in (10) yields

−
Rs + RL

RL

Vref cos δ∗ +
ωLs

RL

Vref sin δ∗ = 0

which allows to obtain the δ∗ value

δ∗ = arctan

(
Rs + RL

ωLs

)
. (16)

From (11) and (13) the field current equilibrium value is

i∗F = −
Vref

ωLmRL

(ωLs cos δ∗ + (Rs + RL) sin δ∗), (17)

and, finally, using (12) the control value at the equilibrium
is easily obtained,

v∗F = −
RF

ωLmRL

Vref (ωLs cos δ∗ + (Rs + RL) sin δ∗)

Note that v∗F = ueq(i
∗

d, i
∗

q , i
∗

F ).

C. Ideal Sliding Dynamics

The ISD is defined on the sliding surface presumed that
it is flow invariant. Since a resistive load is presumed, in
Equation (6) it has been written as,

0 = R2
L(i2d + i2q)− V 2

ref ,

hence,

id = ±

√
V 2

ref

R2
L

− i2q. (18)

This dynamics is defined on the subset of the cylinder
where the transversallity condition holds. This subset has
two connected components that correspond to the sign of
(18). Each component contains an equilibria for Equations
(14), (15) and (17). From now on, the positive square root
sign is analyzed. The ISD is obtained from the remaining
dynamics of id and iF when (18) is satisfied. From the third
row of (3), with the equivalent control (9) and tacking into
account the positive sign of (18), the iF dynamics can be
written as⎛

⎝
√

V 2
ref

R2
L

− i2q

⎞
⎠ diF
dt

= −
Rs + RL

Lm

V 2
ref

R2
L

− ωiqiF .

Similarly, iq dynamics is obtained from first row of (3). Su-
mmarizing, the Ideal Sliding Dynamics is given by Equation
(6) and ,

diq
dt

= −ω

√
V 2

ref

R2
L

− i2q −
Rs + RL

Ls

iq − ω
Lm

Ls

iF (19)

diF
dt

= −
1√

V 2

ref

R2

L

− i2q

(
Rs + RL

Lm

V 2
ref

R2
L

+ ωiqiF

)
.(20)

In order to rewrite the ISD, let us define a = Rs+RL

Ls
,

c = Rs+RL

Lm
and Y 2 =

V 2

ref

R2

L

. Note that a, c, Y > 0. Equations
(19) and (20) simplifies in

diq
dt

= −ω
√

Y 2 − i2q − aiq − ω
a

c
iF , (21)

diF
dt

= −
1√

Y 2 − i2q

(
cY 2 + ωiqiF

)
. (22)

Since this system is highly non-linear, the stability of
the small-signal model around the equilibrium point will be
analysed. The small-signal model is a second order linear
system. Hence it is stable if, and only if, all the coefficients
of the characteristic polynomial have the same sign. The
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Jacobian of the ISD defined by Equations (21) and (22),
evaluated at the equilibria, yields

JacISD =

(
0 −ω a

c

ω c
a

1

cos2 δ∗
−ω tan δ∗

)
(23)

and the characteristic polynomial,

λ2 − trace(JacISD)λ + |JacISD|.

At this point, two conditions are necessary and sufficient
to assure stability around the equilibrium point. On the one
hand, the determinant of JacISD must be positive,

det(JacISD) =
1

cos2 δ∗
ω2 > 0

which is clearly achieved. On the other hand, the trace of
JacISD must be negative. From (23)

tr(JacISD) = −ω tan δ∗.

Finally, using (16), it is clear that this second condition is
also achieved,

tr(JacISD) = −
Rs + RL

Ls

.

The small-signal analysis for the equilibrium point in the
connected component corresponding to the negative sign of
(18) also yields a stable equilibrium point.
Numerical analysis can also be done. Figure 4 shows the

vector field and a trajectory of the dynamical system defined
by (19) and (20), for a given initial condition, iq(0) = 0 and
iF (0) = 0. The parameters values are the same than the used
in Section IV, where numerical simulations are performed.
The equilibrium point, computed from (15) and (17) is i∗q =
51.138A and i∗F = −214.72A.

Fig. 4. State space: vector field and trajectory for a given initial condition,
iq(0) = 0 and iF (0) = 0.

Notice that the trajectories around the equilibrium point
are stable, but far to it they tend to the −Vref

RL
boundary of

the dynamics domain defined by iq =
(
−

Vref

RL
,

Vref

RL

)
. In

this sense, to ensure the expected behaviour, an exhaustive
analysis of the complete nonlinear dynamics should be done.

D. Sliding Mode Controller
The Sliding Mode Controller must to ensure that the

system goes to the sliding surface and when it occurs keeps
on this. In our case, the desired sliding surface was defined
in (5).
Consider the following Lyapunov function

V =
1

2
s2, (24)

which is positive and bounded from below. To stabilize the
closed loop system the derivative of (24) must be negative,
V̇ < 0 which, after some algebra, is equivalent to,

s
∂s

∂x
L−1 (Ax + Gu) < 0.

Last equation can be also written as

s
∂s

∂x
L−1 (Ax + Gu−Gueq + Gueq) < 0,

and tacking into account (8),

s
∂s

∂x
L−1G (u− ueq) < 0. (25)

Finally, from (25), the control action defined by

u = ueq − k sign
(

s
∂s

∂x
L−1G

)
, (26)

fulfils the stability condition, V̇ < 0,

V̇ = −k

∣∣∣∣s ∂s

∂x
L−1G

∣∣∣∣ ≤ 0.

Evaluating
(
s ∂s

∂x
L−1G

)
in (26), the control law yields

u = ueq − k sign
(
−s

2R2
LLm

LsLF − L2
m

id

)
,

and tacking into account that 2R2

LLm

LsLF−L2
m

> 0

u = ueq − k sign (−sid) .

E. Implementable control law
In this system, the control action vF is usually imple-

mented using a DC-DC power converter which commutes
between two discrete signal values, −VDC and VDC . Thus,
the control law proposed in the previous section can be
modified as follows.
Consider that the switching voltage control u ∈ {u1, u2},

and that the equivalent control lies in the interval (u1, u2).
From the stability condition obtained in (25), the control law
can be defined by

u =

{
u− if s ∂s

∂x
L−1G > 0

u+ if s ∂s
∂x

L−1G ≤ 0
,
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which also assures that V̇ ≤ 0.
Particularising these results to our case and tacking into

account that 2R2

LLm

LsLF−L2
m

> 0, the control action, vF , is defined
by

vF =

{
−VDC if −sid > 0
VDC if −sid ≤ 0

. (27)

IV. SIMULATIONS

In this section, a set of simulations using the designed
controller are presented. The WRSM has the following para-
meters: Ls = 0.0262487H, Rs = 0.181Ω, Lm = 0.02529H,
LF = 0.027185H, RF = 0.1002H. The mechanical speed
is fixed at ω = 314rad s−1 and the initial value of the load
resistance is RL = 2Ω. The desired stator voltage amplitude,
Vs, is set in Vref = 400V.
Substituting machine parameters and the expected load in

(9), we determine ueq at the desired operation point. Namely,
u∗eq = ±21.51V. From this, the field DC voltage is set to
VDC = ±40V.
In order to implement the discrete time controller a hys-

teresis block is added to the (27) condition. The hysteresis
parameters are set depending on the maximum chattering
value and the minimum switching time of the DC-DC power
converter. In the numerical experiment the load resistance
varies from RL = 2Ω to RL = 1.9Ω at t = 1ms.
Figure 5 shows that the voltage amplitude is regulated.

Even if the RL value is suddenly modified, the steady
state value of the output is the desired one, and also the
convergence-time is small.

0 1 2 3 4 5

x 10−3

360

365

370

375

380

385

390

395

400

405

410

V
 [V

]

Stator voltage amplitude

time [s]

Fig. 5. Simulation results: stator voltage amplitude, V .

Figures 6 and 7 show the field voltage, vF , which acts
as a control action, and the sliding surface s, defined in (6).
Note that vF commutes between ±VDC , and that the sliding
surface oscillates around zero.
Finally, in Fig. 8, the equivalent control is also depicted to

show that it remains in the expected boundary, see previous
Section.

0 1 2 3 4 5

x 10−3

−40

−30

−20

−10

0

10

20

30

40

Rotor voltage

v F (V
)

time (s)

Fig. 6. Simulation results: field voltage control action, vF .

0 1 2 3 4 5

x 10−3

−16000

−14000

−12000

−10000

−8000

−6000

−4000

−2000

0

2000

s
Sliding surface

time [s]

Fig. 7. Simulation results: sliding surface, s.

V. CONCLUSIONS

In this paper a Sliding Mode controller has been designed
for a WRSM acting as a generator for an isolated resistive
load. The obtained control law regulates the stator voltage
amplitude irrespectively of the load value. The stability of
the closed loop system has been discussed through the small-
signal model around the equilibrium point.
The next step is to fully study the nonlinear ISD.
Experimental validation with a real plant using the pre-

sented control law will be considered. Future research also
includes synthesis and analysis problems for the case of non-
linear and dynamical loads.
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Robust controller for synchronous generator with local load via vsc.
Electrical Power and Energy Systems, 29:348–359, 2007.

[8] D. Biel and E. Fossas. Smc application in power electronics. In
A. Sabanovic, L.M. Fridman, and S. Spurgeon, editors, Variable
Structure Systems: from Principles to Implementation, volume 66,
pages 265–284, London, 2004. IEE Control Series.

[9] V. Utkin, J. Guldner, and J. Shi. Sliding Mode Control in Electrome-
chanical Systems. Taylor and Francis, 1999.

[10] C. Namuduri and P.C. Sen. A servo-control system using a self-
controlled synchronous motor (scsm) with sliding mode controller.
IEEE Trans. on Industry Applications, 23(2):283–295, 1987.

[11] F. Valenciaga and P.F. Puleston. High-order sliding control for a wind
energy conversion system based on a permanent magnet synchronous
generator. IEEE Trans. on Energy Conversion, 23(3), 2008.

Proceedings of the European Control Conference 2009 • Budapest, Hungary, August 23–26, 2009 TuB12.3

2733



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 36
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 36
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 36
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings with Distiller 7.0 or equivalent to create PDF documents suitable for IEEE Xplore. Created 29 November 2005. ****Preliminary version. NOT FOR GENERAL RELEASE***)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


