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ABSTRACT Pumped-storage hydropower is seen as a promising solution for efficient, large-scale energy
storage. One competitive technical solution is the variable-speed hydropower plant (VSHP) configured with a
converter-fed synchronous machine (CFSM). These machines are operated with one extra degree of freedom
that is not usually optimized, where the CFSM’s rotor-side DC excitation interacts with the stator-side AC
excitation. Depending on machine loading, the CFSM will be utilized in conditions far from its original
design. In order to deal with this issue, this paper presents a stator flux control (SFC) method for regulating
VSHPs in a more efficient way by adjusting the field current to prevent the machine from operating with
over-magnetization independent of loading condition, as well as better utilizing the stator-fed converter
current. Also, the CFSM reduces its rotor current losses and extra stator losses from saturated iron. The
derived first-principle analytical equations for the proposed SFC have been validated and analyzed in the
Matlab/Simulink environment for a large 45MVA, 375 rpm CFSM, with the measured saturation curve as
input. Finally, dynamic transitions between different levels of pumping power reveal the SFC’s ability to
help to maintain a unity stator flux in the machine, enabling optimal operation independent of loading level.

INDEX TERMS Excitation systems (ESs), flux regulation, wound-field synchronous machines (WFSMs),
converter-fed synchronous machines (CFSMs), saturation modeling.

I. INTRODUCTION

THE world is currently facing a transitioning face toward
a larger share of renewable technologies [1]–[3]. In this

energy transition era, the flexibility of the hydropower plant
will be exploited to higher levels than ever before due to
the intermittent nature of other renewable resources [3].
One solution to deal with this problem is to incorporate
hydropower stations with a converter-fed motor-generator
topology, which enables pumped storage variable-speed
operation (PSVSO) [4]. This option is viewed as one of
the most efficient large-scale energy storage solutions cur-
rently known. It can even be utilized by grid-consumers far
away from the power plant [5]. Such a system also has
grid-supporting capabilities [6], and can help to deal with the
future power system’s challenges [7].

The machine solutions proposed for variable-speed
hydropower plants (VSHPs) are converter-fed synchronous

machines (CFSMs) [4], [8] and doubly-fed induction
machines (DFIMs) [9]–[14], respectively. The CFSM is usu-
ally interfaced with a back-to-back (B2B) full-rated con-
verter, which connects the VSHP to the power grid [15]. The
common topologies are the two-level converter (2LC) [16],
[17] and the three-level neutral point-clamped converter
(3L-NPC) [18]–[20]. However, there are several flexibil-
ity and fault-tolerance benefits with the multilevel con-
verter [21], [22]. Fig. 1 depicts the general topology for the
CFSM-based VSHP, which is the investigated configuration
in this paper.

The recent literature has proposed different functional-
ities for the control system of the VSHP [23], including
maximum power point tracking (MPPT) of energy effi-
ciency [24], model predictive control (MPC) [25], active
disturbance rejection control (ADRC) [26]. Moreover, due
to the inherent complexity of the VSHP, grid-interfacing and
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FIGURE 1. Illustration of a CFSM configuration for variable-speed
hydropower plants (VSHPs) with a reversible pump-turbine.
This topology is under investigation herein.

governor models have been proposed, where the CFSM has
been approximated as a sixth-order [27] and second-order
model [28], respectively. Also, improved hydro-turbine con-
trols have been proposed for the PSVSO [29].

This paper deals with the detailed-level modeling of the
CFSMs, and their interaction with the excitation system (ES)
and the machine-side converter (MSC). The decoupling of
the stator and the external grid means that the ES of the
CFSM can be used for another purpose other than conven-
tional automatic voltage regulator (AVR) actions. Therefore,
in this work, the role of the ES is analyzed with a focus on
how the ES can be utilized to improve the operation of the
CFSM. Separately excited synchronous machine drives are
often controlled to operate with a unity power factor (cosϕ =
1), where the current and voltage terminal waveforms are
in phase. A disadvantage of installing full-sized frequency
converters in large hydropower plants is the associated con-
verter losses. It is, therefore, of importance to reduce the
converter losses by keeping the stator current low, when the
converter is not bypassed. One possibility is to reduce this
current by taking advantage of the ES’s field current regula-
tion (FCR) to achieve the same electrical torque as with rated
stator currents. However, a too high field current will saturate
the machine, which is an undesirable way of operating the
synchronous machine. In order to reduce the stator current
while preventing the saturation of the machine, an ES with
a stator flux controller (SFC) is proposed in this paper with
the objective of maintaining a unitary stator flux magnitude
(i.e., 9s ≈ 1.0 pu). This is needed to make the CFSM able
to operate with optimal excitation independent of loading
level. The primary focus in this paper is put on analyzing the
performance of the SFC and comparing it against alternatives
which are the power factor control (PFC) of the ES with
different FCR levels.

Earlier proposed direct flux control schemes for
wound-field synchronous machines (WFSMs) have been
proposed to stabilize the torque response under unity power
factor control (PFC) [30] and to dynamically decouple the
control [31]. There have also been efforts to stabilize the
dynamics of the d-axis flux linkage interacting with the field
winding [32]. This paper goes beyond recent research by
proposing an SFC to supervise the FCR’s reference, which
canmake sure that the stator flux is decoupled from the torque
and fully controllable to maximize the magnetic utilization

of the machine, independent of loading condition. The main
innovation of this work lies in the fundamental treatment
of basic WFSM equations to develop a robust stator flux
controller that has benefits that can potentially supersede the
practice of power factor control in classical variable-speed
hydro power applications.

The present paper is organized with the following struc-
ture. Section II provides details regarding the handpicked
case study and the obtained data from the investigated
hydropower plant. Then, a proposed stator flux estima-
tion method is presented in Section III, comparing the per-
formance with and without saturation taken into account.
Finally, Section IV presents the main results of the stationary
and dynamic performance of the proposed SFC with compar-
ison to conventional approaches, before Section V concludes
the paper.

II. CASE DESCRIPTION AND OBTAINED DATA
A complete schematic diagram of the CFSM topology in
Fig. 1 is illustrated in Fig. 3 for pumping mode with its
controllers and variables. The DC-link decouples the MSC
and the GSC, and therefore, our work focuses on the dynam-
ics of the MSC against the CFSM and the control scheme
of the ES by neglecting the GSC. By using the relationship
between speed and output power, the machine-side converter
indirectly controls the desired power output by regulating the
reference speed of themachine. The speed control philosophy
relies on aligning the stator current with the q-axis while the
d-axis current is regulated to zero (id = 0) due to the low con-
tribution from the reluctance torque of the given machine’s
saliency. In this paper, we propose that the ES will regulate
the field current to maintain a 1.0 pu stator flux linkage (9s).
This is achieved with the SFC strategy illustrated in Fig. 4.
The controller structure of the alternative SFC has a similar
FCR but a different field current reference, based on correct-
ing the power factor (based on estimation) rather than the
stator flux.

The studied system was modeled in Matlab/Simulink envi-
ronment using the Simscape Electrical library. The standard
Simulink synchronous machine model is used to model the
machine, while an average-value model is used for the con-
verter(s). This simplifies the modeling of the controllers and
smooths the shape of the presented results. The controllers for
the converters illustrated in Fig.3 was set by Modulus Opti-
mum for the inner control loops and Symmetrical Optimum
for the outer control loops. The salient-pole wound-field syn-
chronous machine is rated with 45MVA, and its key ratings
can be found in Table 1. Moreover, the machine characteris-
tics were found using classical identification techniques [33],
and the standard parameters are reported in Table 2. Another
important input for modeling is the no-load saturation curve
of the machine, which is provided from on-site measurements
in Fig. 2. Our saturation curve model is expressed to match
the experimentally obtained operating points, which is further
explained in Section III. The machine case was handpicked
based on similar real-world examples of CFSM systems, e.g.,
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FIGURE 2. Per-unit saturation curve of the 45MVA synchronous
machine aligned with measured operating points at no-load
conditions and rated speed 375 rpm.

the 100MVA Grimsel 2 power plant in Switzerland [34].
It is worth noting that small-scale machines have d-axis time
constants more than one order of magnitude smaller than
the larger ones. Therefore, the flux regulation becomes a
much easier task for smaller compared to larger WFSMs.
The paper’s objective is to show that the SFC is feasible for
largeMVA-sizedmachines and that analytical predictions can
verify the legitimacy of the simulations.

III. STATIONARY ANALYSIS OF THE CFSM
This section formulates the proposed approach for stator flux
estimation of the CFSM based on currents and fluxes at the
machine side. The estimation is used to obtain the needed
field current reference (i∗fd ) for the ES. As flux estimation
is not readily available in the model environment, a basic
stator flux estimation approach was implemented (see Fig. 4),
which allowed us to compare the proposed SFC against the
alternative PFC. In the dq-equivalent circuit frame, the stator
flux (9s) can be found as a projection of the d- and q- axis
flux linkages (ψd and ψq) in eq. (1) as follows.

9s =

√
ψ2
d + ψ

2
q (1)

The equivalent circuit’s dq-axis flux linkages, can be
expressed further as,

ψd = xad ifd + xd id = xad (ifd + id )︸ ︷︷ ︸
ψad

+xl id , (2)

ψq = xqiq = (xaq + xl)iq, (3)

where xad and xd are the main direct axis and the direct
axis reactance, ifd , id , and iq are the field current and the
direct- and quadrature axis armature current, and ψad is the
main direct axis flux linkage. In system studies of salient
pole synchronous machines, a common assumption is that the
q-axis mutual reactance does not saturate, mainly because the
q-axis flux is usually quite small in comparison to the d-axis

TABLE 1. CFSM machine ratings in generator mode.

TABLE 2. Obtained standard parameters of the CFSM.

flux (large air gap height in the q-axis). Therefore, xaq is
assumed to be constant, independent of the magnetization of
the machine such that xq can be used as a constant parameter
in the next equations.

By inserting eqs. (2) and (3) into eq. (1), one obtains

9s =

√(
xad ifd + (xad + xl)id

)2
+

(
xqiq

)2
. (4)

An equation for the optimal field current can then be
obtained, yielding

ifd =
1
xad

√
92
s − (xqiq)2 −

(
1+

xl
xad

)
id , (5)

which is plotted for variations of id and iq in Fig. 5. These
plots visualize how the field current reference of the ES needs
to be adjusted to make sure the machine has a unitary stator
flux when the loading condition varies, which provides the
theoretical basis for the proposed SFC.

A. STATOR FLUX CONTROLLER (SFC)
By setting both9s =1 pu and id = 0, eq. (5) can be modified
to obtain the field current reference i∗fd , yielding

i∗fd =
1
xad

√
1− (xqiq)2 (6)

The field current (ifd ) should be regulated according to eq.
(5), to keep the stator flux linkage (9s) constant at 1.0 pu. This
strategy is graphically illustrated in Fig. 4, where a saturation
model for parameter xad is incorporated, whichwill be further

342 VOLUME 9, 2022



Stavnesli and Nøland: Stator Flux-Regulatory Excitation Control in CFSMs

FIGURE 3. Overview of the variable speed hydropower CFSM in pump mode and its controllers. The SFC is
further described in Fig. 4.

FIGURE 4. Overview of the proposed SFC based on eqs. (5) and (12) with id and iq as input variables from the MSC and a
saturation model for xad .

described below. The different variables comprising eq. (5)
are as follows.

1) Two parameters are assumed to be constant, i.e., the
quadrature axis reactance (xq) and the stator leakage
reactance (xl).

2) One parameter, the main direct axis reactance (xad ) is
assumed to be a constant up to a certain magnetization
level, but depends strongly on the field current (ifd ).

A saturation curve predicts xad = f (ψad ), depending
on the saturation of the machine.

In order to simplify the strategy, the saturation of the
machine can be neglected, which is illustrated in Fig. 4 as a
binary switch, assuming a constant main direct axis reactance
(x∗ad ). However, this approach will only be effective if the
machine is operated in a highly under-excited mode, limiting
the CFSM’s power levels. The dq-axis currents are regulated
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TABLE 3. Control parameters used in this paper. Inner controllers are set using modulus optimum, while outer controllers are set by
symmetrical optimum.

FIGURE 5. Plot of the non-saturated field current reference i∗fd
from eq. (5) for a 1 p u stator flux (9s) as a function of d- and
q-axis currents (id and iq). The 45MVA CFSM is considered.
a): Surface plot. b): Contour plot.

by the MSC, and the ES sets the stator flux linkage reference
to 1.0 pu. TheMSC sets the d-axis current reference to zero to
maximize the torque generation of the CFSM without reluc-
tance torque. This condition implies that the MSC cannot
be operated at unity PFC in the SFC regime. Such control
would interact with d-axis current (id ) that fights against
the flux regulation of the proposed ES. As a comparative
reference to the proposed SFC, a unity PFC can be analyzed
with the ES operated as an FCR. All controller parameters
considered to study the proposed SFC against the alternative
PFC in the case studies presented in Section IV are given
in Table 3.

B. SATURATION MODELING
A further improvement of the SFC is to include saturation
of the d-axis main reactance (xad ). This aspect could be
neglected, but the effect must be included for achieving an
accurate stator flux estimation. The modeling of the d-axis
main reactance (xad ) could be made based on a saturation
curve depicted in Fig. 2, expressing xad as a function of the
CFSM stator’s main direct axis flux linkage (ψad ). This is
done in the region where the true saturation curve diverges
from the air-gap line, which occurs for flux levels above
0.7 pu (ψth). Based on the data points A1.0, A1.2, B1.0 and
B1.2 in Fig. 2, two saturation factors (s10 and s12) can be
found [35], which as given in Table 4. They can be expressed
as follows.

s10 =
B1.0 − A1.0

A1.0
(7)

s12 =
B1.2 − A1.2

A1.2
(8)

Then, two saturation constants (Asat and Bsat ) can be defined
as follows [36].

Asat =
s210

1.2 · s12
(9)

Bsat = 5 · ln
(
1.2 ·

s212
s10

)
(10)

As a result, based on the terminal stator flux linkage of the
machines (9s), a saturation factor (s) can be calculated for all
operating points, where

s = Asat · eBsat ·(ψad−ψth) (11)

Eq. (11) has a threshold constant, ψth = 0.7 pu, which is the
point where the saturation curve diverges from the air-gap
curve (as seen in Fig. 2).

Finally, xad can be expressed as

xad =
xadu
1+ s

=
xadu

1+ Asat · eBsat ·(ψad−ψth)
, (12)

which is incorporated in the proposed SFC illustration in
Fig. 4. As already mentioned, this method assumes that xad
is unsaturated (i.e., xad = xadu) until the stator flux linkage
reaches 0.7 pu (ψth), i.e., s = 0. Beyond this, the saturation
factor (s) is taken into account when calculating xad . The
stationary characteristic of eq. (12) is plotted in Fig. 6.

C. ELECTRIC LOAD MODELING IN PUMPING MODE
The pump load is a static model with inertia, where the
pumping power is given by a classical cubic relationship with
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TABLE 4. Saturation data obtained from Fig. 2.

TABLE 5. Analytical validation of operating points investigated in Figure 7, where d-axis flux is ψd = xadifd, id = 0, ψd = ψad, q-axis
flux is ψq = xqiq, and the total flux linkage is 9s = 1.

FIGURE 6. Main direct axis reactance (xad ) as a function of the
stator main direct axis flux (ψad ), used for SFC. It is based on
eq. (12).

the mechanical speed in SI-units, yielding

Ppump = kpump · ω3
mech, Tpump = kpump · ω2

mech, (13)

where kpump is defined by the base power (Sb) of the CFSM
and the base mechanical speed (ωb)

kpump =
Sb
ω3
b

. (14)

In per-unit notation, eq. (13) is reduced such that the per-unit
pumping power (Ppump) and pumping torque (Tpump) is pro-
portional to the per-unit mechanical speed (ωmech) cubed,

Ppump = ω3
mech, Tpump = ω2

mech. (15)

With id = 0, the synchronous electrical torque (neglecting
reluctance torque and transient damper winding torques) is

Tpump = ψd · iq, (16)

whenψd and iq are amplitude-invariant values in per unit (i.e.,
factor 3/2 is not necessary).

IV. MAIN RESULTS, VALIDATIONS AND COMPARISONS
This section takes the stator flux estimation method of
Section III onboard to analyze further its performances for
the case study CFSM described in Section II. First, the pro-
posed SFC is studied with and without taking saturation
into account. Then, a benchmark is made with respect to
the conventional unity PFC for the converter-fed machine
system.

A. ANALYTICAL VALIDATION OF SFC WITH & WITHOUT
SATURATION
In order to examine how themachine is affected by neglecting
saturation of the d-axis main reactance (xad ), a stationary
validation of the analytical equations are presented in Fig. 7
and Table 5, where the predicted i∗fd to achieve unity sta-
tor flux agrees well with the simulation model (assessment
against simulated isimdf in last column). The transient per-
formance was also investigated by performing a dynamic
load step simulation. Here, the machine is simulated in
steady-state with 0.06 pu pumping power and then increased
to 0.51 pu, which implies a change in speed from 0.4 pu
to 0.8 pu, following the pump characteristic of eq. (15).
The load and the speed are fully coupled in this control
scheme. The numerical results are shown in Fig. 8. These
plots further indicate the importance of modeling the satu-
ration. By assuming a constant d-axis mutual reactance (xad ),
the actual decrease of reactance caused by the increase in
machine flux as the speed and voltage reach higher lev-
els is not captured. This leads to a field current reference
that is too low, thereby, creating stator magnitude less than
1.0 pu. Moreover, it shows that the inclusion of saturation
provides a higher field current reference for the ES to keep
the stator flux at 1.0 pu. The difference is, in this case, about
0.9%. Nevertheless, a noticeable effect is seen, which shows
that it will make a difference, especially in highly saturated
conditions.
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FIGURE 7. Validation of the analytical eqs. (4) and (5) against the
simulation model for different stationary operating points
comparing the field current references producing 9s = 1 pu with
and without saturation modeling by varying iq from 0.1 pu to
0.7 pu, while keeping d-axis current at 0.0 pu. a): Field current
reference (i∗fd ). b): Stator flux (9S).

B. COMPARISON OF SFC AGAINST PFC
In this subsection, the SFC is compared to a unity PFC with
cos(ϕ) = 1 control for different set points of the field current.
These are taken from Fig. 2 as follows.

1) A case where the nominal field current (Ifd ) is used as
the reference for the ES (i.e., ifd =1.063 pu), which is
the field current needed to achieve rated machine flux
or rate open-circuit terminal voltage (1.0 pu).

2) An over-magnetized case where the field current is set
to 1.19 Ifd (i.e., ifd =1.266 pu), yielding an open-circuit
stator flux of 1.1 pu.

The load step simulation considers a case where the reference
speed of the machine is changed simultaneously from 0.6 pu
to 1.0 pu. This is equivalent to increasing the pump load from
approximately 20% to 100% loading. The results are shown
in Figs. 9, 10, 11, and 12. The load step analysis presents
two ways of controlling a variable-speed electrically-excited
synchronous machine as follows.

FIGURE 8. Comparison between saturation model and constant
parameter model. a): Load reference step at time instant 5 s
equivalent to ramping from 6% to 51% in pumping power, from
initial speed 0.4 pu and then increased to 0.8 pu, used for
comparing SFC with and without saturation modelling.
b): Stator flux (9S). c): Main d-axis reactance (xad ). d): Field
current (ifd ).

TABLE 6. Initial and final stator flux (9s) before and after the
speed transition in Figs. 8-11, comparing the different methods.

1) Optimal machine operation where the machine is kept
out of over-magnetization.

2) Optimal converter operation where the power drawn
from the converter is at unity power factor.

These two objectives cannot be achieved simultaneously,
as the PFC adjusting the d-axis current (id ) comes into direct
conflict with the SFC on its FCR. This is because both field
current and d-axis current will affect the d-axis component of
the stator flux vector.
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FIGURE 9. Speed transition of the CFSM for the different control
strategies when ramping pumping power from 20% to 100%.
1.0 Ifd corresponds to ifd =1.063 pu. Similarly, 1.19 Ifd
corresponds to ifd =1.266 pu. a): Mechanical speed. b): Electrical
pumping torque.

In Fig. 9, the SFC is shown to achieve high transient torque,
even though d-axis current can be kept to zero, implying no
reluctance torque. This implies that the transition phase of
the load step is comparable to the PFC. The main converter
benefit of PFC is that the unity power factor is recovered after
the load step. However, this is only true if the field current set
point is set high enough. As can be seen in Fig. 10a, when
the field current is set to 1.00 Ifd, the PFC is not able to fully
recover the power factor. This is seen in Fig. 10. However,
Fig. 11 shows that only the SFC is able to recover the stator
flux after the load step, which is expected as the PFC was,
per definition, not intended to achieve this objective. The
SFC is even able to mitigate the overshoot in the stator flux
by keeping the field current transiently low during the load
transition. On the contrary, the PFC gets a high stator flux
overshoot but also over-magnetization after the transition.
This fact emphasizes the ability of the SFC to prevent the

FIGURE 10. Load step is the same as presented in Fig. 9.
a): Power factor. b): Stator current. c): Stator voltage.

machine from becoming over-saturated after ramping up the
pump load. The SFC is the only approach that can keep
unity stator flux in the CFSM, satisfying the optimal flux
regulation, independent of loading. This is further highlighted
in Table 6, where a high over-magnetization is indicated for
the PFC (≥ 30%) after the load step. This is due to the
fact that a higher loading level in the stator armature creates
an additional flux linkage that the ES does not compensate
against under PFC, as ifd is controlled to be constant.

In addition to the above, the SFC indicates better torque-
per-ampere performance than the PFC method, as seen in
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FIGURE 11. Assessment of the different control strategies for
same case as Fig. 9. a): Stator flux (9S). b): Field current
(idf ). c): Direct axis stator current (id ). d): Direct axis stator
voltage (ud ).

Fig. 12. This is due to the fact that only the torque producing
q-axis current of the converter is used, while the d-axis current
is regulated to zero. For the PFC, the d-axis current is used

FIGURE 12. Assessment of the different control strategies for
same case as Fig. 9. a): Torque per ampere. b): Quadrature axis
stator current (iq). c): Quadrature axis stator voltage (uq).

to improve the overall power factor of the converter, seen in
Figure 10, meaning that the stator (and converter) current will
be higher.

C. FURTHER DISCUSSION
The benefit of utilizing SFC is that the machine is operated
without over-magnetization, which is beneficial for the oper-
ation of the electrical machine. While the cos(ϕ) = 1 control
method maintains a unity power factor, thus minimizing reac-
tive converter power, the decrease in power factor is rather
small for the SFC method while keeping unitary stator flux.
On the contrary, the main benefit of the PFC is the optimal
converter operation. However, it does not yield any better
gains over the SFC method because the current drawn by
the machine from the converter was, in fact, found to be
higher. The acceleration of the machine is comparable for all
control methods and will be less important because the main
function of a VSHP is its ability to vary its load optimally. It is
worth mentioning that a fast frequency response measure was
considered out of the scope of this study.
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V. CONCLUSION
This paper presents a method to optimally control CFSMs
by using the field current to maintain a unitary stator flux
magnitude (i.e., 1.0 pu). The proposed SFC method achieves
a better torque-per-ampere performance than a unitary PFC
method at the converter-side. The PFC relied on using the
d-axis current component of the converter to operate at unity
power factor. While the cos(ϕ) = 1 control method mini-
mizes reactive converter power, it inevitably draws a higher
current, potentially nullifying the gains of a higher power
factor than the SFC approach. In addition, the machine losses
with PFC control will be higher due to the over-magnetized
operation of the machine and the higher field current losses
in the rotor, thus reducing the overall machine efficiency.
Still, the SFC shows comparable acceleration with the PFC
control method. One of the limitations of this paper is that
it focuses on one particular case study on a detailed level
to emphasize the robustness of the proposed SFC. However,
more case studies could have been conducted to enlarge the
performance evaluated, and dedicated hardware results could
be extracted from a large MVA-sized generator with relevant
time constants.

Future research items could involve examining and com-
paring machine losses due to magnetization against power
losses in the converter to get a clearer picture of the poten-
tial performance improvements in terms of overall energy
efficiency for the complete conversion system. This could
provide further evidence to support the SFC method as more
beneficial than operating the machine with a unity power
factor. More work could also be done on the stator flux esti-
mation, taking measurement errors into account and which
are less dependent on the inductance values of the machine.
Additionally, the tuning of the controller parameters could
be further studied, especially the speed of response of the
FCR of the ES. Finally, some sort of hybrid control strategy
could be examined, particularly for low-speed operations
where magnetization losses may be less important than power
losses in the converter. In addition to the electrical modeling,
further work could also include more details in modeling the
mechanical subsystem for variable-speed applications.
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