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Abstract: With the rapid development of renewable energy technology, marine current energy is
treated as the most desirable form of ocean energies. Due to the nature of marine current energy,
simple structure, high reliability, and good control performance are the primary consideration for
the energy management strategy. This paper proposes an energy management control strategy
based on rules to compensate for the fluctuating power caused by tidal motion. The hybrid energy
storage system composed of vanadium redox flow battery (VRB) is applied to reallocate power.
Supercapacitor banks (SCBs) are applied as the auxiliary power source to absorb or release the
required power according to energy management strategy based on control rules in the marine
current power system. SCB makes the grid-connected power track the grid command power and
also improves the operational efficiency of the vanadium redox flow battery (VRB). VRB
compensates for the low-frequency fluctuating power caused by tidal motion and plays an
important role in compensating for the difference in power between the grid-connected power and
the grid command power to ensure the reliability of the marine current power system. A
simulation model of a 3 MW marine current power system is built to verify the effectiveness of the
energy management strategy based on the real marine current velocity data.

Keywords: marine current power system; energy management; rule-based control strategy; energy
storage system

1. Introduction

With the rapid development of renewable energy technology, marine current energy
is treated as the most desirable form of ocean energy due to its strong regularity,
predictability, and sustainability. Under the same power level, the volume of system
equipment is smaller than wind energy, and the corresponding manufacturing cost is
lower. Additionally, the utilization of marine current energy has become a hot research
field all over the world [1]. The change of marine current velocity will cause the
fluctuation of marine current power, which will have a negative impact on the grid and
users. In order to smooth the fluctuating power and improve the reliability of
grid-connected power, using an energy storage system to smooth the fluctuating power is
considered a more effective way [2-4]. Furthermore, the marine current fluctuating power
could be smoothed by controlling the pitch angle of the marine current turbine [5,6].
Sliding mode control of nonlinear controller was used to manage marine current power
and improve the efficiency of the marine current turbine (MCT) in [7,8]. In addition,
energy management strategies involving wind power, solar power, and electric vehicle
can also be analyzed and studied due to similar characteristics. The model predictive
control (MPC) strategy was used to improve the efficiency of the electric vehicles [9-11],
but the computational complexity may decrease the reliability of the system. Using other
wind turbines to replace the energy storage system was studied in [12]. A fuzzy logic
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control algorithm was applied to achieve a reasonable allocation of power and improve
the utilization of a photovoltaic power system [13]. The energy management strategy
based on a multiagent system could make energy distribution become much more
intelligent [14-16]. Particle swarm optimization (PSO) had the advantages of easy
hardware implementation, strong global search capability, fast convergence speed, and
less computational complexity, and therefore, it has become a research hotspot in the
optimization field [17-19]. In order to improve the accuracy of model state estimation in
power systems, the Kalman filter algorithm was applied [20-22].

Due to the specific characteristics of the marine current power system, such as the fact
that the system is underwater and its maintenance is difficult, simple structure, high
reliability, and better performance are the main considerations of the energy management
strategy. In this paper, an energy management strategy based on rules is proposed to
compensate for the predictable fluctuating power caused by tidal motion. This energy
management strategy can make the grid-connected power track the grid command well
while improving the operational efficiency of the vanadium redox flow battery (VRB).

2. Description and Modeling of System
2.1. System Structure

As shown in Figure 1, the MCT converts the kinetic energy of marine current into
electric energy by a permanent magnet synchronous generator (PMSG). SCB is used as
the auxiliary power source to absorb or release power according to the energy
management algorithm based on rules proposed in this paper. VRB enables the
grid-connected power to follow the grid demand according to the control rules. SCB and
VRB are connected to the DC bus through a bidirectional DC/DC converter (energy can
flow in two directions). The maximum power tracking of marine current power is
realized by controlling a machine-side converter (MSC). Grid-connected active power
and reactive power are regulated by controlling a grid-side converter (GSC).
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Figure 1. System structure.
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2.2. Modeling and Control of MCT and PMSG
Marine current power captured by horizontal axis MCT [6] can be calculated by (1).

Bier = %pCP (B, 7R’ ng o

where p represents the water mass density, which is considered as 1025 kg/m? in this
paper, R means the length of blade radius of the MCT, and the specific value is 9 m,
which can be found in Appendix A: Table Al. Additionally, Viiing represents the marine
current velocity near the blades of MCT. Cr is the energy captured coefficient of MCT,
and its value range is 0.35-0.5 for typical MCTs [2]. Cp is a binary function of tip speed
ratio (A1) and pitch angle () based on (2).

¢ p =020 0ap-5¢ 7
y

1 1 0.035 @

In this paper, § = 0 degrees is defined and according to (2), and the relational curve
of Cpr-A can be expressed in Figure 2.
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Figure 2. The curve of coefficient (Cr) and tip speed ratio (1).

The maximum coefficient (Cr = 0.44) is reached when the optimum tip speed ratio
Aot is 6.3. For the direct gearless system, according to (3), the Aot can be obtained when
the change of generator rotor speed (wr) keeps pace with the change of marine current
velocity (Viiing). This method is called the maximum power point tracking strategy based
on the optimal tip speed ratio (TSR-MPPT) [23].
ﬂ, _ a)rc/'R (3)
" Vu‘ding
Higher reliability, high efficiency, and lower maintenance cost are the main
characteristics of PMSG, compared with squirrel cage induction generator (SCIG);
therefore, PMSG is gaining popularity [24]. In the three-phase coordinate system, it is
difficult to design the controller due to the strong coupling and nonlinearity of PMSG.
Therefore, coordinate conversion is introduced [25]. The voltage equation of PMSG in
the d—q coordinate system is expressed by (4).

Uy | _ R +pL, -olL, | i, . 0 @
u, ol, R+pL, |i %
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where Rs, p, w.Vs represent stator resistance, differential operator, and rotating back EMF,
respectively, while is, iy, u4, ug, Li, L; are the components of current, voltage, and
inductance, respectively.

In this paper, the d-axis inductance L: is equal to the g-axis inductance L.

Therefore, for the direct gearless system, the electromagnetic torque expression of PMSG
is based on (5).

3 .
T, = 5 .Y i,
©)
J% =7 -T
dt
where p, J, Tw, Te, and wm, respectively, represent pole pairs of PMSG, system inertia,
mechanical torque, electromagnetic torque, and rotor speed.

As shown in Figure 3, in the machine-side converter, a low-pass filter [2] is added
to the TSR-MPPT strategy to preliminarily smooth the marine current power.
Feedforward decoupling and field-oriented vector strategy are applied. The power
generated by PMSG is delivered to the DC bus by MSC [26].

DC bus
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Figure 3. Control structure of the machine-side converter.

In the d—q axis, the torque of PMSG is controlled by the g-axis current. In order to
make PMSG generate maximum active power, the current reference value of the d-axis

(i:, )is set to zero, and the current reference value of the g-axis ( i:; ) is decided by the

speed loop. The simulation result is as shown in Figure 4.
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Figure 4. Rotor speed and d-q axis current in the machine-side converter.
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2.3. Mathematical Model of VRB and SCB

Supercapacitor banks (SCBs) and vanadium redox flow batteries (VRBs) [27] are
used to absorb or release required power according to control rules in this paper. SCB
has the characteristics of high power density and low energy density, while VRB is
famous for high energy density, independent design of power and capacity, long service
life, and high efficiency [28].

As shown in Figure 5a, Vs, Ista, Viat, Itat, Rfixed, Cete, respectively, represent battery
electromotive force, internal stack current, terminal voltage, terminal current, parasitic
resistance, and internal electrode capacitance. Rra and Rrs are the equivalent resistance
illustrated in [29,30]. The losses of VRB are mainly distributed in four aspects, namely, 0,
02, 63, and 4. They represent the internal resistive parasitic loss, external pump loss,
internal reaction equivalent impedance loss, and equivalent resistance loss, respectively.
The calculation formula of each loss factor [30] is expressed in Equation (6).

« AW

1

SCB eq

- USCB

CSCB

pump

(b)

Figure 5. (a) Equivalent circuit model of VRB; (b) equivalent circuit model of SCB.

2

V2o
5, = —24M 2 100%

Rﬁmd 'Psza'v
P, +30,P,
5, = Ly o) SOC,,, x100%
’ 0 2R‘taN Ixta e (6)
R
5, = k=% 100%
L
S, =k R 100%

staN

where k is a constant; Via_min represents the minimum operating voltage of VRB; Psun is
the rated stack power of VRB. As the change of 01, 3 and 04 is very small, they are set as
constant values as o1 =2%, 63 = 9%, 04 = 6% [30] in this paper. The variation of pump loss
(02) is relevant to the operation power of VRB. Charge efficiency (1) and discharge
efficiency (12) of VRB are defined as Equations (7) and (8).

f 1000/— " 100% ?)
"ra ",
I b‘“ — bat

x100%=-2 x100% (8)

I sta sta

where Put, Psts, respectively, represent the terminal power and stack power of VRB; Re
and Cscs, respectively, represent equivalent resistance and equivalent total capacity [31],
as shown in Figure 5b.
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2.4. Modeling and Control of the Grid-Side Converter

In the d-q coordinate system, the mathematical model of the grid part can be
written as Equation (9).

o diy
e, =—Ri,—L, = +o,Li, +V,
di ©)
€y =Ry, —L, 74;; + &Ly +V,,
The control structure of the grid-side converter is shown in Figure 6, where Rg, Lg,
wg represent the equivalent resistance of the grid side, the equivalent inductance of the
grid side, and angular frequency of the grid, respectively, while iag, ig, Vig, Vi are the
components of grid current and grid voltage in the d—-q axis. In this paper, the GSC plays
a role in making DC bus voltage constant and reallocates grid-connected power [26].

®,| a,b,c

L

dg " 98 48

+
Vdc _ref

Figure 6. Control structure of the grid-side converter.

Active power in the grid-side converter is only related to the current component of
the d-axis, while reactive power is only related to the current component of the g-axis. In
this paper, the current reference value of the g-axis is set to zero to deliver the maximum
active power into the grid. Additionally, in the d-axis, it is a double closed-loop
structure of voltage and current. The DC bus voltage is stable by adjusting the
grid-connected active power. The simulation result is shown in Figure 7.
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Figure 7. DC bus voltage and d—q axis current of GSC.

2.5. Mathematical Model of Marine Current Velocity

A detailed analysis of the marine current velocity model is made by Ref. [2] and
Ref. [23]. The marine current velocity contains two parts, as shown in the formula
presented in Equation (10). The first part C is decided by tidal speed (predictable speed),
and C is considered as a constant within several minutes. The second part is induced by
the swell effect [2], which is mainly caused by wind, waves, and other unknown factors.

Viang (1) = C+ 2 4, cos(@yt + ) (10)
i=1

It is noticed that the frequency wi is around 0.05-0.2 Hz, Ai is velocity amplitude
under swell effect, and ¢: is the initial phase angle.

The marine current velocity (as shown in Figure 8) in this paper is the real marine
current data between Zhai Ruo Shan island and Xiao Zhai Ruo Shan island of Zhou
Shan archipelago, Zhe Jiang Province [32]. In the simulation of this paper, the time scale
is very large, and the core problem is to solve the operational efficiency of VRB over 24
h. Therefore, the power disturbance caused by the swell effect is not considered.

Marine current speed/(m/s)

l T Ll I
012 3 4 5 67 B 9 1011121314151

6 17 18 19 20 21 22 23 24
Time(h)

Figure 8. Tidal speed for 24 h.

3. Energy Management Strategy
3.1. Efficiency Analysis of VRB under Constant Current Charge—Discharge Test

As shown in Figure 9, with the increase of charge and discharge current, the
efficiency of VRB initially increases, and after reaching the maximum efficiency, the
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efficiency of VRB gradually decreases, which indicates that there is an extreme value of
efficiency when charge and discharge currents are changed.

discharge mode

Operation efficiency of VRB

0 100 200 300 400 500 600 To0 aoo 900
Current/A

Figure 9. Current-efficiency curve of VRB.

The charging efficiency and discharge efficiency of VRB both have maximum
values according to Figure 9. However, the maximum values of charging efficiency and
discharge efficiency are not at the same point. Under the charging mode, when the
current reaches 470 A, the efficiency of VRB reaches the maximum value of 85.96%.
Under the discharge state, when the discharge current reaches 388 A, the efficiency of
VRB reaches the maximum value of 85.61%. Therefore, controlling the charge and
discharge current value of VRB can improve the operational efficiency of VRB.

In order to solve the problem that the efficiency of VRB is low when the charge
current value and discharge current value of VRB is lower than the current threshold, an
energy management strategy based on rules is proposed in this paper. The goal of the
energy management strategy is to improve the efficiency of VRB in the marine current
power system by controlling the auxiliary power source (SCB).

3.2. Energy Management Based on Rules Control Strategy

As shown in Figure 10, Pgria represents the power injected into the grid, and Iscs and
Ivrs represent the current of the SCB and the VRB, respectively. The dynamic average
model is applied to replace the detailed power devices in the bidirectional DC/DC
converter [26] in this paper. It is defined that the current flowing into the SCB or VRB is
positive, and the current flowing out from the SCB or VRB is negative. The internal
control structure of the rule-based control strategy is shown in Figure 11.
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Figure 10. Control structure based on rule-based control strategy.
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Figure 11. Internal control structure of rule-based control strategy.

As shown in Figure 11, Ier is the current output by PWM rectifier on the PMSG side;
Ir represents the reference current of the grid. Iuess represents the reference current of
the hybrid energy storage system (HESS). Their relationship is defined as in Equation
(11).

Ly, —1, (11)

when “Iuess > 07, it means that the output current Ier is greater than the grid reference
value I. At this moment, the HESS should absorb the excess energy according to (11).
Instead, if “Iness < 0”7, which means the HESS should release the required energy based
on (11). If “Imess = 07, the HESS is in standby mode. According to the energy
management strategy in Figure 11, “rule (1)” is applied if the charging current exceeds
the threshold value under the charging state (“Incss > Al1”), and “rule (2)” applies in the
situation that the charging current does not reach the threshold value under the
charging state(“0 < Iuess < Ali”). In addition, “rule (3)” is applied when the discharging
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current does not reach the threshold value under the discharging state(”“Al < Iress < 0”).
If the discharge current has exceeded the discharge threshold (“Iress < Al2”), then “rule
(4)” is running. Through the above four rules, the operational efficiency of VRB is
improved.

Rule (1): when the current (Iuess) is greater than the current threshold Al under the
charging mode, it means that the charging current is larger. VRB is operated in a
high-efficiency state at this stage. Therefore, the current distribution of the hybrid
energy storage system is shown in the formula presented in Equation (12).

{] VRB_ref =L 1555

(12)
]SCBJef =0

That is to say, the VRB takes on the task of absorbing all the surplus electric energy,
and the SCB is in a standby state.

Rule (2): if the total current (Iuess) is greater than zero but less than the current
threshold Al under the charging mode, it means that the system current is small at this
stage, so the reference current distribution principle of VRB and SCB can be determined
according to the formula presented in Equation (13).

{IVRBref :All

ISCBJ'ef =1 ypss — AL (1)
when the current of the hybrid energy storage system is small, the VRB is charged with
the current threshold of Al;; meanwhile, the SCB is in a discharged state, and the current
of SCB flows into the VRB to maintain the current stability of VRB so as to keep the VRB
running in a high-efficiency state.

Rule (3): when the current of the hybrid energy storage system (Iuess) is less than
zero but greater than the current threshold Al, the reference current of VRB and SCB
can be determined by the formula in Equation (14).

{IVRBref :Alz

(14)
]SCBiref = IHESS - Alz

In this state, in order to make VRB keep in a high-efficiency state, the SCB is in a
charge mode, which means part of the current from the VRB flows into the DC bus side
and another part flows into the SCB. The algebraic sum of the current flowing into the
DC bus side and the current flowing into the SCB is the current threshold Al.

Rule (4): if the current of the hybrid energy storage system (IHess) is less than the
current threshold Al, this rule applies. Under this condition, the reference current of
VRB and SCB is shown in the formula in Equation (15).

{[ VRB_ref =l s

(15)
ISCBJef =0

According to (15), the current required is all provided by VRB, and SCB is in the
standby state. At this moment, the VRB can still be kept in the high-efficiency range.

The control structure is shown in Figure 12. The current reference values of SCB
and VRB are determined by control rules. Kp1 and Ki are parameters of PI controller in
the SCB control loop, and their specific values can be found in Appendix A: Table Al.
The output value of the PI controller is proportional to the charge or discharge power of
SCB. The value of normalization is “0.2 (Vrd)?”. In the same way, Ky and Ki are
parameters of PI controller in the VRB control loop, and their specific values can be
found in Appendix A: Table Al. The value of normalization is “20 (Viated)?”. Additionally,
the control signal gain G1 and control signal gain Gz are output values.
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Figure 12. Control structure of SCB and VRB.

In addition, some constraints of SCB and VRB should be required as follows (16):

|PVRB_min < |PVRB| < |PVRB_mted
SOC i in <SOCpy <SOC
SOCSCBimin < SOCSCB < SOCSCBimax

VRB _max

(16)

|PSCB_min < |PSCB | < |1)SCB_rat€d

SOCvrB_min is set as 0.1 and SOCvrs_max is 1, while the value of SOCscs_min is 0.2, and
SOCSCB?max is 1.

4. Simulation Results and Analysis
4.1. Simulation Results Based on Conventional Control Strategy

As shown in Figure 13, the conventional control strategy is applied as a comparison
[29]. The power of VRB (P_VRB) flows to compensate for the power difference between
marine current power (P_ger) and the grid command power (P_ref). However, when the
charge current value and discharge current value of VRB are lower than the current
threshold as the red dotted line mark in Figure 14, low operational efficiency appears
(see Figure 14). Therefore, in order to improve the operational efficiency of VRB, the
energy management strategy based on rules’ control is proposed in this paper; detailed
rules are illustrated in Section 3.

The charging current threshold “Ali” and discharge current threshold “Al” are set
as shown in Figure 14.

x10 —+—P_ger
10F -2

Power (W)

1 1 1 ] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
01 2 3 4 5 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24
Time(h)

Figure 13. Power flow of marine current power system over 24 h based on conventional control
strategy.
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Figure 14. Current flow and operational efficiency of VRB over 24 h based on conventional control
strategy.

As shown in Figure 14, the operational efficiency of VRB is in a high-efficiency
operation state for most of the time over 24 h. There is a transient low-efficiency state
when the charge current value and discharge current value of VRB are lower than the
current threshold (“Al” and “AL”). The average efficiency of VRB over 24 h is defined
according to the Equation (17).

dt dt
n= (£0_1+f77_2)x 100% ~ 70.83% 17)

charge discharge

where 7 represents the average efficiency of VRB; m: represents the charge efficiency of
VRB; 12 is the discharge efficiency of VRB; Teureg is the total charging time over 24 h, and
Taischarge is the total discharging time over 24 h. It can be seen that the average efficiency of
VRB reaches 70.83% over 24 h.

4.2. Simulation Results Based on Rule-based Control Strategy

Compared with the conventional control strategy, under the control of the
rule-based strategy proposed in this paper, the current flows of VRB and SCB over 24 h
are shown in Figure 15, respectively. It can be seen that in the rule-based control
strategy, the current becomes constant value (see marker “a” of Figure 15) and in order
to maintain the current of VRB at a constant state, the SCB is discharged, which is
corresponding to the “rule (2)”. As VRB is discharged by constant value “AL” (shown in
marker “a” of Figure 15), the SCB is charged, which indicates that “rule (3)” is running
at this stage. As shown in marker “b” of Figure 15, if the current of VRB is higher than
the threshold value “AlL”, the current of VRB remains the same as the current of the
hybrid energy storage system (Iuess), and the SCB is in a standby state, which is
corresponding to the “rule (1)”. When the VRB is in discharge state and the discharge
current is less than the threshold value “Al”, the current of VRB is equal to the current
of the hybrid energy storage system (Iuess), as shown in marker “c” of Figure 15, and the
SCB is still in a standby mode according to the “rule (4)”. Simulation results verify the
effectiveness of the energy management strategy based on rules. Due to the constant
current control near the zero-crossing point, the charging and discharging efficiency of
VRB is significantly improved, which can be maintained in the range of 70-88% (shown
in Figure 15). According to (17), the average efficiency of VRB reaches 80.01% over 24 h.
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Figure 15. Current flow of HESS and operational efficiency of VRB over 24 h based on rule-based
control strategy.

It is worth noting that in this paper, the time scale is over 24 h, and the core
problem is to solve the operational efficiency of VRB over 24 h; therefore, the power
disturbance caused by the swell effect is not considered.

BMOD0094 P075 B02 Maxwell module (Csc = 94 F, Vsc = 75 V, Rsc = 13 mQ) is
modelled in this paper, the rated voltage is set to 750 V, which means 10 SC cells are
needed in series (Ns = 10). The SOCscs range is set from 0.2 to 1. According to (18), Vmin
and Vmax can be calculated.

SOCy, = (&)2

SCB

C rated (18)
_ __series_ 2 2
£ =Comn (s, 1)

The available capacity Er is 0.56 kWh. The rated power and capacity of the SCB are
determined according to the mark “d” in Figure 16. As the charging time of the SCB is
the longest over 24 h, it is reasonable to select this time period to determine the rated
capacity. The maximum charging power of SCB in Figure 16 is 150 kW. The safety
margin is considered in the primary estimation; therefore, the rated power of SCB is 200
kW. The time period under a rated-capacity power is half an hour, so the rated capacity
of SCB is 100 kWh. The above series capacitor banks are regarded as a group, and then
500 groups (Np = 500) are paralleled to meet the requirements of rated capacity.
Therefore, the equivalent model of the SCB system is shown in Equation (19).

N 500
C..=—2LxC,..="—x94=4700(F
SCB N\, SC 10 ( ) (19)
N 10
R, =—xR_ . =—x13=0.26(mC
SEN T 500 ()

p

VRB plays an essential role in compensating the difference between marine current
power and grid command power so that the final grid-connected power follows the grid
reference power. The rated power of VRB is decided based on Equation (20).

) = 800(kW) (20)

PVRB _ rated maX(| ger - rej

Considering battery efficiency and safety margin, the rated power Pvrs_rated is set as 1
MW, and the rated capacity is 3 MWh. This size makes it possible for VRB to
compensate for power differences under extreme marine conditions.
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Figure 16. Power flow of marine current power system over 24 h in the rule-based control strategy.

As shown in Figure 16, the mark “d” is used to determine the rated power and
capacity of the SCB; P_ger is the marine current power captured by PMSG; P_ref is the
grid-connected power command; P_grid represents the final real = 0 time grid-connected
power; P_VRB is the real-time power of VRB. If P_VRB is positive, VRB is in charge
mode; otherwise, it is in discharge mode. P_SCB is the real-time power of the SCB and
its power is positive in the charging state and negative in discharging state. Under the
energy management strategy based on a rule-based control strategy, the final actual
grid-connected power (P_grid) can track the grid power command (P_ref) very well.

The operational state of the four control rules over 24 h is shown in Figure 17. It can
be seen that “rule (1)” and “rule (4)” are running for a long time over 24 h, which
validates SCB as an auxiliary power source because it is at a standby state for most of the
time during the whole day.

(©) 8

Control rules

@F

(1)

01 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time(h)

Figure 17. Operational state of rules over 24 h.

The SOC of VRB and SCB over 24 h is shown in Figure 18. It can be seen that under
the control of the rule-based control energy management strategy, the SOC of VRB and
SCB are both in a reasonable range. The initial SOC of VRB is set for 0.4, while the initial
SOC of SCB is 0.5.
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Figure 18. SOC of VRB and SCB over 24 h based on rule-based control strategy.

5. Conclusions

This paper proposes an energy management strategy based on rules to compensate
for the fluctuating power caused by tidal motion while improving the operational
efficiency of VRB. The marine current power system is underwater and its maintenance is
not convenient. Therefore, a simple structure, higher reliability, and better control
performance are the main considerations of the energy management algorithm. The
simulation results indicate that VRB can make the grid-connected power track the grid
command power based on both the conventional control strategy and the rule-based
control strategy proposed in this paper. However, in this paper, SCB is applied as the
auxiliary power source to absorb or release power according to control rules. Therefore,
the operational efficiency of VRB is significantly improved, which can be maintained in
the range of 70-88%. The average efficiency is 80.01%, while the average efficiency is
70.93% based on the conventional control strategy. Therefore, the energy management
based on the rule-based control strategy has better control performance than the
conventional control strategy. The feasibility and effectiveness of the energy
management strategy are verified based on a 3 MW marine current power system
established in MATLAB/SIMULINK.
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Appendix A

Table Al. Main simulation parameters of the system.

Order Number Parameters Values
1 R 9 m (space)
2 Rs 0.008 Q
3 La=Lgq 1.2 mH
4 b4 7 2.46 Wb
5 Pole pair number (Pr) 125
6 ] 1.3 x 106 kg.m?
7 Rated phase voltage of PMSG 690 V (RMS)
8 Rated phase current of PMSG 1600 A (RMS)
9 Rated voltage of MSC and GSC 690 V (RMS)
10 Rated current of MSC and GSC 3320 A (RMS)
11 Rifixed 54 Q)
12 Rrea 0.14 Q)
13 Rires 0.09 Q
14 Cele 5.6 mF
15 Ry 0.1 mQ
16 Lg 1.5 mH
17 wg 1007t Hz
18 Kin 7.6
19 Ki 883
20 K2 0.6
21 Ki2 0.8
22 AL 100 A
23 Al -100 A
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