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Abstract—The objective of this paper is to develop and analyse
a variable speed hydropower (VSHP) model that can aid the
design of controllers that maximize the utilization of power
plant for the provision of ancillary services, considering the
limitations given by the hydraulic system. The model is tested and
analysed with more or less conventional controllers to identify
critical modes, adverse interactions or other limitations that
must be taken into account in the future design of potentially
multivariable or more advanced controllers for VSHP. Dynamic
tests are performed by simulating step responses in power
demand and by comparing responses of the model with the
VSHP and with a conventional hydropower plant. A participation
factor-based interaction analysis shows that there are no strong
dynamic couplings between the hydraulic system of the VSHP
and the rest of the grid. This simplifies the tuning of the control
system. However, the analysis concludes that some oscillatory
modes associated with the hydraulic system become significantly
more excited when operating at variable speed; which is due to
the larger deviation in turbine rotational speed. Extra awareness
when designing the control system is therefore needed to keep
the hydraulic system variables within their limits.

Index Terms—AC-AC power conversion, eigenvalues and eigen-
functions, frequency control, hydraulic systems, hydraulic tur-
bines, hydroelectric power generation, power generation control,
power system modeling, power system simulation, stability.

I. INTRODUCTION

MORE flexible resources are required to control the

balance of the grid and to maintain the power system

security as the share of electricity generation from variable

renewables increases. Variable speed hydropower (VSHP)

plants represent one solution that has the potential to con-

tribute effectively to the required flexibility. The hypothesis

is that VSHP plants can offer additional ancillary services

by contributing more effectively to frequency control and

this maintaining of grid stability, thus allowing for higher

penetration of variable renewables in the grid. The advantage

compared to conventional pumped-storage hydropower with

constant rotational speed is more effective utilization of the

kinetic energy in the turbine and generator and improved

power control in pumping mode. The efficiency and operating

range of VSHP will also be higher and they can contribute to

frequency control both in the generation and in the pumping

mode. [1] The converter technology offers faster control of

reactive power and potentially higher reactive power capa-

bility, which benefits the voltage regulation. Compared with

conventional hydropower plants, the VSHP enables a further

degree of freedom to control power and speed. This opens new
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possibilities, but also necessitates proper co-ordination of the

controls - and there will be new constraints that must be taken

into account.

A detailed model of the VSHP system is needed to investi-

gate the interactions between the VSHP plant and the grid, how

variable speed operation can benefit the security and flexibility

of the power system operation and to explore the control

possibilities from a system perspective while considering the

limitations given by the water/turbine system. This comprises

the development of non-linear time-domain simulation models

with limitations for water flows in the tunnel, turbine, gov-

ernor, generator with a magnetizing system, generator-side

converter and grid-side converter, and a representative test

grid. This paper will focus on the converter models and the

interaction between the hydraulic system in the VSHP and the

grid.

A number of different dynamic models of VSHP including

converter models have been presented in the last decade,

most of which make use of doubly-fed induction generators

(DFIG). There are large differences in the levels of detail

in the models, especially in regard to hydraulic modelling.

Reference [2] presents the modelling, simulation, and analysis

of a VSHP with an electric equivalent hydraulic system, DFIG

configuration and converter control system. In [3], a dynamic

VSHP model including an elastic water column model, turbine

model and DFIG is derived. An autonomous variable speed

micro hydropower station with a simple Kaplan-model, DFIG

configuration and converters is presented in [4]. Experimental

results on a small VSHP with DFIG-configuration are shown

in [5]. Dynamic modelling of adjustable-speed pumped storage

hydropower plant with DFIG is performed in [6]. Reference

[7] reviews technical considerations related to VSHP for

the provision of frequency containment reserves (FCRs), and

modelling and control for power system studies are discussed.

Power regulation of VSHP for mitigating wind power variation

is investigated in [8]. Reference [9] explores the improvement

of power step performance for a VSHP compared to a con-

ventional pumped storage power plant by using a numerical

simulation model in SIMSEN. It is found that the maximum

power step to the grid is strongly dependent on the hydro-

mechanical characteristics of the power plant. In [10], four

different hydraulic turbine models are compared to select a

model that is best suited for use in grid integration studies of

VSHP plants.

VSHP with a synchronous generator and full-power con-

verters are found more rarely in the literature. A small VSHP

with diode rectifier, DC-DC boost converter, optimal rotational

speed control and converter control is presented in [11].

Reference [12] presents the dynamic modelling, simulation

and control design of a small VSHP with diode rectifier,

DC-DC boost converter, voltage source inverter and control
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Fig. 1: Overview of VSHP model

system.

The main purpose of this paper is to present a complete

model of a VSHP plant that can serve as a reference and basis

for further development and choice of control systems. The

paper is organized as follows: The variable speed hydropower

models and the power system model are presented in Section

II and III respectively. The dynamic analysis results and

discussion are given in Section IV. Section V presents the

theory, results and discussion from the participation factor

analysis. Finally, in Section VI, the conclusions are given .

II. VARIABLE SPEED HYDROPOWER MODELS

A. Control Objectives

A set of control objectives for a VSHP can be formulated

as follows:

• Objectives for internal control of the plant:

– Optimize the rotational speed of the turbine with

respect to efficiency at part load.

– Minimize water hammering and mass oscillations.

– Minimize the guide vane servo operation.

– Minimize the hydraulic and electric losses.

• Objectives for grid support control:

– Contribute to the frequency containment reserves by

faster and more precise frequency droop control.

– Contribute to increasing the effective system inertia

by virtual inertia (VI) control.

– Improve the voltage control response time.

This paper will primarily concentrate on the internal control

objectives. An overview of the VSHP with the variables

connecting the subsystem is presented in Figure 1.

B. Hydraulic System Models

The hydraulic system is modelled with the Euler turbine

equations model presented in [10]. The Euler turbine equations

are used to describe how the hydraulic power is transformed

into mechanical rotational power. The model presented in

Figure 2 considers guide vane opening, pressure, water flow

and rational speed. It is used together with a non-linear

waterway model [13] to also consider travelling wave effects

in the penstock (water hammer), headrace tunnel dynamics

(mass oscillation), surge tank dynamics and head loss in the

waterway. However, the model does not consider the effect of

acceleration of the flow through the runner and the angular

acceleration of the water masses in the runner [14]. The

dimensionless turbine equations are derived in [14] where the

dimensionless flow, head and angular speed of rotation are

q = Q/QR, h = H/HR and ω̃ = ω/ωR. Figure 3 shows the

layout of the VSHP waterway and turbine.

C. Governor PID Controller without Permanent Droop

A governor with a PID controller and without permanent

droop is chosen (1) for the VSHP. Droop control is not

required since the shaft speed is decoupled from the grid

and primary power-frequency control is performed by the

grid converter. The PID controller output is saturated and rate

limited.

g

∆ω
=

g

ω∗ − ω
=
kg,ds

2 + kg,ps+ kg,i
s

1

1 + TGs
(1)

III. POWER SYSTEM MODEL

A. Grid Model

The chosen basis for the grid model is the Two-Area Kundur

grid model (Figure 4) as presented in Example 12.6b (iv) in

[15], with the following changes:

• A Hygov governor is added to all generators in order to be

able to compare the VSHP to conventional power plants.

• A 640 MW VSHP, as described below, is added at Bus5.

B. Grid Converter

The inner controller (4) of the grid converter, Figure 5,

controls the d- and q-axis currents, while the outer controls

the active power to the grid in the d-axis (2) and the reactive

power to the grid in the q-axis (3). Alternatively, VI control

can be implemented instead of standard active power control.

The converter model, filter model and power calculation are

given in (5) - (7) while the dc-link model is given in (8)

and Figure 6. The parameters of the PI inner and outer

controller are obtained by the Modulus Optimum (MO) and

Symmetrical Optimum (SO) criterion, respectively, according

to the approach explained in [16], [17], assuming a switching

frequency of 1 kHz. The MO criterion is a simple and fast

response tuning method for low order control plants without

time delay and is used for tuning the inner loop. The method

cancels the largest time constant, the filter constant, and

ensures that the closed-loop gain is larger than one for as high

frequencies as possible. The SO criterion is used to achieve

maximum phase margin at the crossover frequency of the

simplified outer loop, open-loop transfer function. A design

parameter a is tuned to ensure that the bandwidth of the outer

controller is approximately one decade below the bandwidth of

the inner controller. The utilization of these methods ensures

equivalent tuning of converters with different parameters and

avoids the use of ” trial and error” methods.

1) Outer Controller - Active Power Control:

d

dt
Nc,d = kPi

(

P ∗
g − Pg

)

i∗g,d = kPp

(

P ∗
g − Pg

)

+Nc,d

(2)
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2) Outer Controller - Reactive Power Control:

d

dt
Nc,q = kQi

(

Q∗
g −Qg

)

i∗g,q = kQp

(

Q∗
g −Qg

)

+Nc,q

(3)

3) Inner Controller:

d

dt
Mc,d = kii,c

(

i∗g,d − ig,d
)

v∗c,d = vg,d − ωglf ig,q + kip,c
(

i∗g,d − ig,d
)

+Mc,d

d

dt
Mc,q = kii,c

(

i∗g,q − ig,q
)

v∗c,q = vg,q + ωglf ig,d + kip,c
(

i∗g,q − ig,q
)

+Mc,q

(4)

4) Converter Model:

d

dt
vc,d =

1

Tr,c

(

v∗c,d − vc,d
)

d

dt
vc,q =

1

Tr,c

(

v∗c,q − vc,q
)

(5)

5) Filter:

d

dt
ig,d =

ω0

lf
(vc,d − vg,d − rf ig,d + ωplllf ig,q)

d

dt
ig,q =

ω0

lf
(vc,q − vg,q − rf ig,q − ωplllf ig,d)

(6)

6) Power Calculation:

Pg = vg,dig,d + vg,qig,q

Qg = −vg,dig,q + vg,qig,d
(7)

7) Dc-link Capacitor Voltage:

d

dt
vdc =

1

c
(idc,sg − idc,c)

=
1

cvdc
(Psg − (vc,dig,d + vc,qig,q))

(8)

C. Phase-Locked Loop

The phase-locked loop (PLL) in Figure 7 attempts to align

the d-axis voltage of the converter vg,d with the voltage at PCC

by estimating the PCC voltage phase angle and grid frequency.

The PLL model (9) uses a PI controller to control vg,q to zero

to achieve this. The SO criteria are obtained to find the PLL

controller parameters. The relationship between the converter

dq-reference frame and the synchronous reference frame of

the grid is given in (10) [18].

d

dt
θp,pll = kp,pll (−vgRe sin θp,pll + vgIm cos θp,pll)

+ xpll
d

dt
xpll = ki,pll (−vgRe sin θp,pll + vgIm cos θp,pll)

ωpll =
∆ωpll

ω0

+ ωs

(9)

[

d
q

]

=

[

cos θp,pll sin θp,pll
− sin θp,pll cos θp,pll

] [

Re
Im

]

(10)

D. Synchronous Generator

The VSHP-model utilize a sixth-order synchronous gen-

erator model as presented in [19]. Since the reactances are

dependent on the rotational speed, they cannot be assumed

to be constant in a VSHP. The reactances are therefore

assumed to be proportional to the rotational speed ω such that

Xx = (ωs +∆ω)Lx.
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The generator current is obtained from the voltage differ-

ence between the internal sub-transient generator voltage and

converter voltage over the generator impedance:

isg,d = Im





(

E
′′

q − vc,q

)

+ j
(

E
′′

d − vc,d

)

Ra + jωX
′′

d





isg,q = Re





(

E
′′

q − vc,q

)

+ j
(

E
′′

d − vc,d

)

Ra + jωX
′′

d





(11)

E. Synchronous Generator Converter

The synchronous generator converter, Figure 8, controls the

dc-link voltage vdc by controlling the q-axis current isg,q in

the outer controller (12). In addition to a PI-controller on the

dc-voltage error v∗dc− vdc , there is a forward coupling on the

grid converter output power Pg to increase the precision and

speed of the controller. The d-axis current reference isg,d is

set to zero.

The inner controller (13) consist of two PI current con-

trollers with deviation in respectively d-axis current i∗sg,d −
isg,d and q-axix current i∗sg,q − isg,q as input.

The PI inner and outer controller parameters are calculated

by respectively the MO and SO criterion, assuming a switching

frequency of 4 kHz.

1) Outer controller:

d

dt
Nsg,q = kdc,p (v

∗
dc − vdc)

i∗sg,q = kdc,i (v
∗
dc − vdc) +Nsg,q + Pg

i∗sg,d = 0

(12)

2) Inner Controller:

d

dt
Msg,d = kii,sg

(

i∗sg,d − isg,d
)

v∗sg,d = kip,sg
(

i∗sg,d − isg,d
)

− ωL
′′

q isg,q +Md

d

dt
Msg,q = kii,sg

(

i∗sg,q − isg,q
)

v∗sg,q = kip,sg
(

i∗sg,q − isg,q
)

+ ωL
′′

d isg,d +Mq

(13)
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3) Converter Model:

d

dt
vsg,d =

1

Tr,sg

(

v∗sg,d − vsg,d
)

d

dt
vsg,q =

1

Tr,sg

(

v∗sg,q − vsg,q
)

(14)

4) Power Calculation:

Psg = vsg,disg,d + vsg,qisg,q

Qsg = −vsg,disg,q + vsg,qisg,d

Pdc = vdcidc,sg = Psg

(15)

IV. DYNAMIC ANALYSIS

The step responses of a VSHP and a conventional hy-

dropower plant are compared in Figures 9 and 10, for, re-

spectively, increase and reduction in power. The Euler turbine

model is used for both types of hydropower plants, how-

ever, the governor differs; the VSHP utilizes a PID-controller

without permanent droop, the conventional utilizes a droop

controller. For the conventional hydropower plant, the step

response is applied by a step in reference speed at the governor

0 50 100 150 200

1

1.05

1.1

1.15

Fig. 10: Step response when power is decreased

input. The VSHP has one more degree of freedom since both

the governor reference speed and the grid converter power

reference affect the power produced by the turbine. However,

a change in the governor reference speed will not cause the

output power to the grid to change, only the rotational speed

of the turbine. Therefore, the step response of the VSHP is

applied to the grid converter power reference.

For fully utilizing the potential of ancillary services from a

VSHP, the power delivery to the grid needs to be as flexible

and quickly as possible. The power control of the VSHP grid

converter allows the power output to the grid Pg to follow the

step response in power reference almost perfectly.

However, the turbine power Pm will not be able to react

as quickly, due to the governor and servo time constants.

The deviation between the grid converter power Pg and the

turbine power Pm will cause a deviation in rotational speed

ω, approximately equal to the integration of the difference

Pm − Pg . Next, the governor reacts to regain the reference

rotational speed, causing the guide vane opening g and turbine

water flow q to change. This causes changes in surge tank

head hst, headrace tunnel flow qhr, turbine head h and turbine

power Pm. The maximum size of the grid converter power

step is thereby limited by the limits of the variables in the

waterway, governor, turbine, SG and SG converter:

• maximum allowed rotational speed of the turbine/SG

• minimum rotational speed to regain the reference rota-

tional speed, as pointed out in [10]

• minimum and maximum limits of the governor

• rate limit of the governor

• surge tank head limits

• current limits of the SG converter and the SG

As Figures 9 and 10 show, the fast change in output

power of the VSHP causes larger peaks in mechanical power

Pm, rotational speed ω, pressure (head) high h, flow q and

guide vane opening g compared to a conventional hydropower

plant. These variables must be within the limits given above.

Increased wear and tear on the guide vane servo due to
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additional operation and on the waterway due to more water

hammering and mass oscillations must also be considered

when designing the control system.

Although the power reference step in the two figures is the

same, larger deviations in h, g, q and ω are observed when

the power is reduced, compared to the case with an increase

in power. From the Euler turbine equations, we see that the

turbine mechanical power Pm decreases slower from an initial

high power operational point when ω is increasing than Pm

increases for an initial low operation point when ω increases.

This causes a larger deviation in ω, faster operation of the

guide vane opening g and hence larger overshoot in the head

h and the flow q.

V. PARTICIPATION FACTOR BASED INTERACTION

ANALYSIS

A participation factor-based interaction mode method pro-

posed in [20] is used to investigate the interactions between

the subsystems. An interaction mode is defined as a mode

with participation from more than one subsystem and proves

a dynamic interaction between the subsystems [18].

The participation factor pki of state variable xk in mode i
is defined in [15] as

pki = φkiψki (16)

where φ and ψ are respectively the right and left eigenvector.

The parameter ηαi is defined in [20] as a measure for the

overall participation for each subsystem α in mode i.

ηαi =
||pαi||

||pi||
(17)

where ||·|| denotes the L1-norm. While the participation

factor pki measures the participation of a state variable in a

mode, ηαi calculates the degree of participation of a group for

state variable, a subsystem, in a mode.

The VSHP system is divided into 12 subsystems, as pre-

sented on the y-axis in Figure 11. The modes on the x-axis

are sorted according to the participation in each subsystem.

The colours show the magnitude of ηαi for each subsystem

and mode. The modes only participating in generators G1-G4

are not presented in the figure.

The participation factor-based interaction analysis presented

in Figure 11 shows that the system can be divided into two

parts, where no modes are interacting in both these parts.

The division is between the two converters in the VSHP.

The turbine side of the DC-link includes VSHP waterway,

VSHP turbine, VSHP governor, VSHP generator, SG converter

and DC-link while the grid side of the DC-link includes the

subsystems that are interfering with the other generators in the

grid; the grid converter and the PLL.

The reason why there are no modes between the two

parts can be found by investigating the variables between the

subsystems in Figure 1. The turbine side of the DC-link will

be affected by a perturbation on the grid side of the turbine

since this will cause the DC-voltage and thereby the power

of the SG converter to change. A perturbation on the turbine

side of the DC-link will also cause the DC-link voltage to

change; however, the grid converter control is not influenced

by the DC-link voltage, see Figure 5. Since the two parts do

not influence each other, there will be no modes between the

two parts.

A more detailed model of the grid converter may consider

the DC-link voltage, for instance when calculating the PWM

modulation. However, this is only compensating for a devi-

ation in DC-voltage such that the converter output voltage

follows the reference voltage. Therefore, this will, in practice,

not result in any new coupling between the two parts.

We believe that the proposed control system in this paper

is perfectly suited for VI control of the grid converter for two

reasons. Firstly, the control system has very good performance

from a grid perspective since no modes are interacting between

the VSHP turbine, waterway and generator and the rest of

the grid. The output power of the VSHP can, therefore, be

controlled directly by the grid converter with great flexibility

without considering small signal stability issues in the turbine

side of the DC-link. This makes the design of the VI controller

easier than alternative control layouts; i.e. if the governor

is controlled by the grid frequency as in a conventional

hydropower plant or if the SG converter is controlled by the

grid frequency and the governor controls the turbine rotational

speed. Secondly, the control system makes it possible to use

the rotational energy of the turbine and the generator as energy

storage by allowing the turbine rotational speed to deviate from

its nominal value. The VI control of the grid converter utilizes

this energy storage to deliver faster power response to the

grid. However, there are still limitations due to the maximum

speed of the governor, the limits of the turbine rotational speed

range and turbine head and water hammering in the penstock

that affect the VSHP output power control ability. VI will

be implemented and tested in further works to verify this

assumption.

VI. CONCLUSION

A detailed model of a VSHP plant, including hydraulic

system models and converter models, has been developed and

presented in this paper. The model is tested for the purpose

of utilizing the VSHP for ancillary services and to explore

the limitations given by the hydraulic system. The results are

compared with a conventional hydropower plant. A key finding

is that in variable speed operation the gradients and peaks

in guide vane opening, flow and head tend to become more

excited due to the larger deviations in turbine rotational speed.

Extra awareness when designing the control system is

therefore needed to keep the hydraulic system variables, such

as the surge tank head, within their limits.

The participation factor-based interaction analysis shows

that the VSHP-system can be divided into two parts where

there is no mode interacting in both parts. The turbine side

of the DC-link will be affected by a perturbation on the grid

side of the DC-link; however, there is no coupling the other

way since the grid converter control is not influenced by the

DC-link voltage. The result is that there will be no modes
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Fig. 11: Participation factor-based interaction analysis

between the hydraulic system of the VSHP and the rest of

the grid, and, from a small signal perspective, that the modes

of the hydraulic system will not need to be considered when

tuning the grid converter.

The possibility for utilizing the rotational energy in the

turbine and generator and controlling the output power without

causing small-signal instability in the hydraulic system makes

VSHP very suitable for VI control. However, the limitations

in the hydraulic system must be fulfilled. For this reason,

more advanced control systems considering such limits, such

as model predictive control, might be favourable to optimize

the ancillary services given by the VSHP.

APPENDIX A

PARAMETERS, SET-POINTS AND VARIABLES

The model parameters and set-points are given in Table I

while the variables are given in Table II.
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TABLE I: Parameters and set-points

Parameter Value

Waterway

Rated water flow QR, [m3/s] 170

Rated height HR, [m] 425

Penstock:

Water starting time Tw , [s] 1.211

Water traveling time Te, [s] 0.126

Characteristic impedance Z0 9.61

Friction factor fp1, [s4/m5] 0.049

Surge tank:

Friction factor fp0, [s4/m5] 0.036

Storage constant Cs 0.099

Head race tunnel:

Water starting time Tw2, [s] 4.34

Friction factor fp2, [s4/m5] 0.020

Hydraulic Machine

Turbine constant ψ 0.404

Turbine constant ξ 0.918

Turbine constant α 0.745

Turbine constant σ 0.015

Rated water flow QRt, [m3/s] 144

Rated height HRt, [m] 425

Governor conventional hydropower

Governor time constant Tr, [s] 4.00

Servo time constant Tg , [s] 0.50

Temporary droop r 0.40

Permanent droop R 0.05

Parameter Value

Governor VSHP

Rotational speed reference ω∗, pu 1.00

Governor proportional gain kg,p 3.00

Governor integration gain kg,i 0.100

Governor derivation gain kg,d 1.000

Rate limit +/-0.05

Servo time constant TG, [s] 0.500

Synchronous generator

Inertia constant H , [s] 6.5

Damping constant D 0

Stator resistance Ra, pu 2.5e-3

Transient time constants:

T
′

d0
, [s] 8

T
′

q0, [s] 0.4

Sub-transient time constants:

T
′′

d0
, [s] 0.03

T
′′

q0, [s] 0.05

Synchronous reactances:

Xd, pu 1.8

Xq , pu 1.7

Transient reactances:

X
′

d
, pu 0.3

X
′

q , pu 0.55

Sub-transient reactances:

X
′′

d
, pu 0.25

X
′′

q , pu 0.25

Parameter Value

SG converter

Switching time delay Tr,sg , [ms] 0.25

Inner controller:

Proportional gain kip,sg 0.3

Integral gain kii,sg 20

Outer controller:

Dc-voltage reference v∗
dc

1.00

Proportional gain kdc,p 0.64

Integral gain kdc,i 0.082

Grid converter

Inner controller:

Proportional gain kip,c 0.509

Integral gain kii,c 10

Outer controller:

Proportional gain kPp,kQp 21.2

Integral gain kPi,,kQi 94.3

Converter and filter:

Switching time delay Tr,c, [ms] 1.00

Filter resistance rf , pu 0.01

Filter impedance lf , pu 0.16

PLL:

Proportional gain kp,pll 2.26

Integral gain ki,pll 34.3

Base grid frequency ω0, rad/s 2πf

Dc-link:

Capacitance c, pu 0.02

TABLE II: Variables

Variable Symbol

Waterway

Surge tank head hst

Head race tunnel flow qhr

Hydraulic Machine

Turbine head h

Turbine water flow q

Mechanical torque Tm

Mechanical power Pm

Turbine efficiency ηh

Turbine head ht

Turbine flow qt

Opening degree of turbine κ

Governor

Guide vane opening reference g∗

Guide vane opening g

Variable Symbol

Synchronous generator

Rotor angle δ

Rotor speed deviation ∆ω

Transient voltages E
′

d
, E

′

q

Sub-transient voltages E
′′

d
, E

′′

q

Field excitation voltage Efd

Stator currents isg,d, isg,q

Stator voltage vsg,d, vsg,q

Electrical power Pe

SG converter

Stator current references i∗
sg,d

, i∗sg,q

Stator voltage references v∗
sg,d

, v∗sg,q

Active/reactive power Psg , Qsg

Dc-link power Pdc

Dc-link voltage vdc

Variable Symbol

Grid converter

Grid currents ig,d, ig,q

Grid current references i∗
g,d

, i∗g,q

Converter voltages vc,d, vc,q

Converter voltage references v∗
c,d

, v∗c,q

Grid voltage vg,d, vg,q

Active/reactive power Pg , Qg

Active/reactive power ref. P ∗

g , Q∗

g

PLL

Estimated PCC voltage angle θp,pll

Speed deviation of converter
control

∆ωpll

Reference machine speed ωs

Real part of PCC voltage vgRe

Imaginary part of PCC voltage vgIm
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