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An autonomous micro hydro power plant was proposed to utilize the small
hydro power potency as a run-of-river. It consisted of a PMSG, a DFIG, and
a converter and should be operated in the off-grid configuration. In a
previous research, the DFIG stator voltages couldn’t be controlled. In this
paper, the novel control algorithm that is able to maintain the DFIG stator
voltages of the autonomous micro hydro power plant in the off-grid
configuration is proposed. The control algorithm was proposed to use the
actual DFIG stator voltages and currents as feedback signals. The controller
was tested by varying three input signals, i.e. the DC-link voltage, the DFIG
stator voltage reference, and the external stator load which simulated the off-
grid configuration. The result of the simulation showed that the DFIG stator

Micro hydro power plant voltages could be controlled and were always in accordance with the
Off-grid configuration reference.
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1. INTRODUCTION

Two types of generators frequently used in hydro power plant applications are a synchronous
generator and a squirrel cage induction generator. Both types are operated at a constant rotor speed. The
generated power is controlled by adjusting flow rate by varying the degree of the flow gates. The
implementation by using the flow gates needs an operator and/or a gate controller which is expensive. These
configurations don’t suit to locations which is remote and far from cities with low electricity consumption
and small population. The hydro power plant should have a simple configuration and a low maintenance but
should still have a high reliability.

To utilize the small hydro power potency as a run-of-river, the micro hydro power plant must be
able to be operated in the varying angular speed without a mechanical gate control. It could be connected to
the varying isolated load without an auxiliary source or which was called the off-grid connection. The
simplest configuration that could be chosen was by using a permanent magnet synchronous generator
(PMSG) and a converter, but this configuration is expensive.

In the wind turbine application, the alternative generator type that could be used in the varying
angular speed is a doubly fed induction generator (DFIG). Belkacem et al. [1] and Nora et al. [2] controlled
the generated active power by using the g-axis rotor current as a feedback signal and the generated reactive
power by using the d-axis rotor current as a feedback signal. Medhav et al. added the stator voltage controller
by using the d-axis rotor current as a feedback signal [3]. Murthy et al. controlled the generated active and
reactive power by using the stator fluxes and the slip speed as feedback signals [4]. These researches used the
DFIG in an on-grid configuration.
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The autonomous micro hydro power plant that was connected to the off-grid with the varying
angular speed was proposed. It consisted of a PMSG, a DFIG, and a back to back converter. The capacity of
the PMSG and the converter was a quarter of the rated power, so it could reduce the cost [5]. This
autonomous configuration was shown in Figurel.
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Figure 1. The configuration of the autonomous small/micro hydro power plant

The autonomous micro hydro power plant was proposed by Ansel ez al. [5]. Ansel et al.”’s model and
controller were tested by giving the constant DFIG stator voltage reference. If the DFIG stator terminal was
connected to the external stator load and the DFIG stator voltage reference was varied, the DFIG stator
voltage couldn’t be controlled in accordance with the reference. It was caused by two factors. First, the Ansel
et al.’s model assumed that the DFIG stator currents were the disturbances (see Figure 2) and omitted the
relation in the Ohm’s law between the DFIG stator voltages, the DFIG stator currents, and the external stator
load. Second, the Ansel et al.’s controller used the DFIG stator voltages as feedback signals (see Figure 2).
To control the DFIG stator voltages, the Ansel et al. model must be added wuth a DFIG’s external stator load
and the Ansel et al. controller must be modified.
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Figure 2. The Ansel et al.’s model and controller [5]

To maintain the DFIG stator voltages, this paper proposed the modified control algorithm. The
DFIG rotor voltages were controlled by using the actual DFIG stator voltages and currents as feedback
signals. The algorithm was also evaluated by using a varying external stator load that simulated the off-grid
configuration.

This research continued the PMSG controller in the autonomous micro hydro plant model that was
developed by Yusivar et al. The Yusivar et al.’s PMSM controller assumed the DFIG rotor as the load
resistance of the PWML (see Figure 1). The load resistance that could be handled by the PMSG was between
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1,000 and 10,000 ohm. At the water velocity that was greater than or equal to 1.5 m/s, the DC-link voltage
that could be generated by PMSG was in range between 20 and 100 V [6].

2. RESEARCH METHOD
2.1. DFIG Model
Electrical model of DFIG was expressed by equations (1) — (8).

. A0
Vsq = Rsigq + d_; - a)smsq 1)
do
Vsq = Rslgq + d—;q + wsBsq )
 dg
Vrq = Ryplpg + d_trd - (ws_pwr)qu (3)
. do
Vrq = Rplrg + d_:q + (Ws—pw;)Bra (4)
Psq = Lsisq + Mirg ®)
Bsq = Lgisq + Miyg (6)
Brq = Lylyqg + Migy (7)
Brq = Lyirg + Mig, (8)

In these equations: v and vgq Were stator voltages in dg-axis, isg and isq were stator currents in do-
axis, dsq and ¢sq were stator flux in dg-axis, vq and v, were rotor voltages in dog-axis, i and irq Were rotor
currents in dg-axis, ¢rg and ¢yg Were rotor flux in dg-axis, ws was an angular speed of electrical stator, w, was
a rotor speed.

2.2. Ansel et al.’s Model and Controller

In [5], Ansel et al. assumed that the DFIG stator currents as disturbances which depended on the
DFIG stator voltages vs and neglected the external stator load R,. Both conditions didn’t represent the off-
grid configuration.

To control the DFIG stator voltage, Ansel ez al. used three correctors Cy(¢q), Ca(éhq), and C(vs). The
corrector Cy4(¢q) manipulated the DFIG rotor voltage in d-axis (vq) that referred to the error between the
DFIG rotor flux references in d-axis (¢aqrr) and the actual DFIG rotor flux in d-axis (¢#q). The corrector
Cqy(¢rq) adjusted the DFIG rotor voltage in g-axis (V) that referred to the error between the DFIG rotor flux
reference in g-axis (¢qrer) and the actual DFIG rotor flux in g-axis (). The corrector C(vs) regulated the
DFIG stator voltage correction (es) that referred to the error between the DFIG stator voltage reference (Vs rer)
and the actual DFIG stator voltage (vs). The DFIG rotor flux references (gqrer and ¢iqrer) and the variables Cyq
and C,, were given by equations (9)-(12). The variables C,y and C,q represented the sum of the drop voltage
which was caused the stator currents and the nonlinear-cross-coupling between dg-axis components. The
diagram block of the Ansel ez al.’s Model and Controller was shown in Figure [5].

LiL, .

Qrd,ref = _O-Tlsq 9)
L L,
Brorer = ——eps — 02T (10)
rq.ref wSM vs M sd
MR,
Crqg = L . lgqg + (ws - pwm)qu (11)
r
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MR,
er = Trlsq + (0.)5 - pwm)wrd (12)

2.3. External Stator Load

The off-grid configuration was simulated by connecting the external stator load R to the DFIG
stator terminal as shown in Figure 3 in this research project. Consequently, the changing stator load R, would
affect to the DFIG stator voltages vs and the DFIG stator currents is. The relation between the external stator
load, the DFIG stator voltages and the DFIG stator currents referred to the Ohm’s law in (13).

vg= —isR, (13)
By using (13), the dg-axis stator voltages in (1) and (2) were substituted by (14) and (15).

Vsd = 'ist ,L (14)

Vsq = 'iqu ,L (15)

So, the equations (1) and (2) of the DFIG model would be written as:

ao

0 =Rig + Reisqg + —d;d — wyBy, (16)
do

0 = R'igq + Ryigq + —d:q + WPy (17)

By using of the external stator load R, it changed the signal type of the DFIG stator currents.
Before using the external stator load R, the DFIG stator currents was input signals. After using the external
stator load R, the DFIG stator currents became output signals of the DFIG model.

Rotor Speed
Or
Rotor Voltages ir DFIG Model i
SN S
Vi Eq. (1)-4)
Stator Load Stator Voltages
Ry Vs

Figure 3. The DFIG model with the stator load R

2.4. Proposed Control Algorithm

The proposed DFIG stator voltages control concept was shown in Figure 4. The DFIG stator
voltages were controlled by adjusting the DFIG rotor voltages. The DFIG rotor voltages were adjusted by
two PI controllers. The DFIG rotor voltage in d-axis were adjusted by the PI controller in d-axis that referred
to the difference between the DFIG rotor flux reference in d-axis and the actual DFIG stator current in g-axis.
On the other hand, the DFIG rotor voltage in g-axis were manipulated by the PI controller in g-axis that
referred to the difference between the DFIG rotor flux reference in g-axis and the actual DFIG stator current
in d-axis (see Figure 5).

To eliminate a nonlinear-cross-coupling between dg-axis components, the decouple equations were
added into the PI controllers output, so the DFIG could be sighted as a linear system (see Figure 4 and
Figure 5).
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Figure 4. The stator voltage control concept

The DFIG stator voltages controller used the different methods to manipulate the DFIG rotor fluxes
between g-axis and d-axis. The DFIG rotor flux in g-axis was maintained by aligning the vector resultant of
the DFIG stator fluxes to the d-axis of the rotating reference frame. To align the stator flux to the d-axis, the
controller maintained that the stator flux in g-axis was equal to zero (®,,=0) and the stator flux in d-axis was
equal to the magnitude of the DFIG stator fluxes resultant (®,, = @,). By substituting &,,=0, the equations
(6) and (8) of the DFIG model would be written as:

L
irq=_ﬁsisq (18)
oLgL
rq = 1;1 isq (19)

So, the alignment of the DFIG stator flux to the d-axis of the rotating reference frame was always maintained
by setting the rotor flux reference in g-axis that referred to the equation (20).

*

rq T T T bsa

(20)

The DFIG rotor flux reference in d-axis was adjusted by a Pl controller that referred to the error
between with the DFIG stator voltage reference and the actual DFIG stator voltage. The detail DFIG stator
voltages controller by using the DFIG stator voltages and currents as feedback signals was shown in Figure 5.

—_T’O—’l *’?—’

sd + vsq

. oLsL
iy —> T

Figure 5. The stator voltages control referred to the rotor fluxes by using the stator currents as feedback

2.5. Software Simulation

The mathematics model of DFIG-PMSG in an autonomous micro hydro power plant was written in
the C MEX S-Functions and was simulated by using MATLAB/Simulink. The implementation of the
autonomous micro hydro power plant model was shown in Figure 6.
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Figure 6. The implementation of DFIG-PMSG in autonomous micro hydropower

2.6. Test Scenario

The test scenario of the system was done by varying three input signals, i.e. the DC-link voltage
(Vociink), the DFIG stator voltage reference (Vs pric), and the external stator load (R.). The DC-link voltage
(Vpciink) given was 0 V between 0 and 4 sec. and then 100 V after 4 sec. The DFIG stator voltage reference
(Vs pri) given was constant signal 0 V between 0 and 5 sec., then 100 V between 5 and 8 sec., and 50 V
after 8 sec. The stator load reference (R.) given was 30 ohm between 0 and 7 sec. and then 20 ohm after 7
sec. The timing diagram of the three input signals was shown in Figure 7.

Vciink = 100 V
Vbciink = Vs prig =100V

=4s

| Vs prig = 50V
VS_DFIG t=8s
t=5s -
R, =30 ohm
R | R, = 20 ohm

t=7s

Figure 7. The timing diagram of the three input signals

3. RESULTS AND ANALYSIS

3.1. Ansel et al.’s Model and Controller
In the research [5], the Ansel et al.’s model omitted the relation in the Ohm’s law between the DFIG

stator voltages, the DFIG stator currents, and the external stator load. The DFIG stator currents were resulted
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from dividing the power reference by the DFIG stator voltage. This model and controller were merely tested
by giving the constant DFIG stator voltage reference of 230 V.

The DFIG stator voltage couldn’t be controlled in accordance with the reference if the DFIG stator
terminal was connected to the external stator load and the DFIG stator voltage reference was varied as shown
in the test scenario in Figure 7. By using the test scenario, the simulation showed that the DFIG stator voltage
was uncontrollable and increased up to 300 V starting at 4 s although the DFIG stator voltages reference was

still at OV (see zone A in Figure 8). Starting at 4.5s, the response of the DFIG stator voltages became
unstable (see zone B in Figure 8).

The Response of The DFIG Stator Voltages usingthe Ansel et al.'s Model and Controller
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Figure 8. The response of the DFIG stator voltages using the Ansel et al.’s model and controler

3.2. Proposed Control Algorithm

By using the same test scenario, the simulation result showed that the proposed control algorithm
could maintain the DFIG stator voltage in accordance with the reference. The response of the DFIG stator
voltages by using the proposed control algorithm was shown in Figure 9. Until 5s, the DFIG stator voltages
were still at OV. Starting at 5s, the DFIG stator voltages of 100V were generated. Starting at 7s, the DFIG
stator voltages could be maintained at constant 100 V although the external stator load was changed from 30
to 20 ohm at 7s. Starting at 8s, the DFIG stator voltages could follow the changing of the reference from
100V to 50V. The DFIG stator voltages were always in accordance with the reference.

The DFIG Stator Voltages
150

Time [s]

Figure 9. The response of the DFIG stator voltages by using the proposed control algorithm

By using the proposed control algorithm, the DFIG stator currents could also go along with the
changing of the stator voltages and the stator load. The response of the DFIG stator currents was shown in
Figure 10. The DFIG stator current was still at OA until 5s. Starting at 5s, the DFIG stator currents could go

Control of DFIG Stator Voltage on Autonomous Micro Hydro Power Plant (Feri Yusivar)
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along with the changes of the DFIG stator voltage reference from OV to 100V. Starting at 7s, the DFIG stator
currents could go along with the changes of the external stator load from 30 ohm to 20 ohm at 7s. Starting at
8s, the DFIG stator currents could also go along with the changes of the reference from 100V to 50V.

The DFIG Stator Currents

IsabcDFIG[A]

Time [s]

Figure 10. The response of the DFIG stator currents

Figure 11 shows that the DFIG generated power could suit to the changes of the stator voltages and
the stator currents. It indicates that the DFIG generated power could be controlled. For further research, the
DFIG generated power could be limited by using the maximum stator currents at the constant stator voltages.

The DFIG Generated Power

-200

-400

Pspe M

-600

-800

Time [s]

Figure 11. The response of the DFIG generated power

In speed sensorless application, the estimated angle of the stator flux had to match with the the stator
flux orientation. Figure 12 shows that the estimated angle of the stator flux could follow the changes of the

stator flux orientation. At the end, Figure 13 and Figure 14 show the response of the DFIG rotor voltages and
currents.
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Figure 12. The response of the estimated angle of stator flux and the response of the stator flux

The DFIG Rotor Voltages
|

T/mu_u_n_on__m._>

Time [s]

Figure 13. The response of the DFIG rotor voltages
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Figure 14. The response of the DFIG rotor currents
4. CONCLUSION

The authors were able to develop the control algorithm which could maintain the DFIG stator

voltages of the autonomous micro hydro power plant in the off-grid configuration. The proposed control
algorithm could maintain the DFIG rotor voltages by using the actual DFIG stator voltages and currents as
feedback signals. The controller was tested by varying three input signals i.e. the DC-link voltage and the
DFIG stator voltage reference, and the external stator load which simulated the off-grid configuration. The
result of the simulation showed that the DFIG stator voltages could be maintained by the proposed control
algorithm and were always in accordance with the reference.
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