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Abstract: The rise of large-scale HVDC transmission technology has introduced new requirements for dynamic reactive
power compensation in power systems. The new generation of synchronous condensers is independent of grid voltage
and does not need to be dragged by a coaxial prime mover, which can improve the dynamic reactive power compensation
of the power grid. This new generation of synchronous condensers is dragged by the static frequency converter to a
105% rated speed, after which the static frequency converter logs out. In the process of idling, the excitation mode
switching is completed and the unit is connected to the grid simultaneously. The synchronous device passively captures
the connection-dot in the process of idling; as a result, increasing the grid-connection success rate and reducing the impact
of grid connection become a pair of contradictions. In this paper, the boundary conditions of the new generation of
synchronous condenser grid-connection systems are analyzed. These provide the basis for setting the synchronous device
parameters. Furthermore, this paper proposes an optimized grid-connection strategy to ensure the new generation of

synchronous condensers possesses good grid-connection characteristics.

Key words: Direct current transmission, synchronous condenser, static frequency converter, synchronous device, idling

grid-connection

1. Introduction

With the rise of large-scale DC transmission technology, the problem of strong HVDC and weak AC systems
is becoming increasingly serious [1]. At the same time, there is a large proportion of local grids receiving
power, which is conducive to causing dynamic reactive power compensation shortages and voltage instability
[2]. Ensuring safe and stable system operation requires a sufficient dynamic reactive power reserve capacity
[3]. Especially, the problems of insufficient reactive power support at the receiving end, insufficient short-circuit
capacity at the sending end [4], and insufficient reactive power facilities at the heavy load center [5] are becoming
increasingly apparent.

In recent years, with the use of a large number of static VAR compensators, static synchronous com-
pensators, and other static reactive power compensation devices, the application of domestic condensers has
gradually decreased [6]. However, when a large system voltage amplitude sag occurs, a static reactive power
compensation device will reduce the reactive power output capacity [7]. In contrast, the reactive power output
of the new generation of synchronous condensers (SC) does not depend on the system voltage. [8] By optimizing
the parameters of the unit body and control strategy of the excitation system, the dynamic reactive power re-

sponse performance of the unit can be greatly improved; this is advantageous for the voltage stability of a power
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grid, especially for the safe operation of DC converter stations [9]. This approach has more advantages than
traditional static reactive power compensation devices [10]. The effective placement of a synchronous condenser
can reduce the probability of commutation failure in a DC converter station [11], improve the stability margin
of a converter station, and increase the transmitted power of DC engineering [12]. As a result, the installation
of synchronous condensers in centralized areas of wind power and other new energies can effectively meet the

reactive power compensation requirements of the power grid [13].

At present, the new generation 300 MVAR condenser adopts a static frequency converter (SFC) as the
soft start system, which can preserve the coaxial prime mover and increase the stability of the system [14].
At the same time, in order to reduce costs, the SFC output transformer is omitted; however, this causes some
difficulties with the unit grid connection [15]. The whole operation process of SC includes three stages: start-up
stage with SFC, idling grid-connection stage and reactive power regulation stage. The SFC accelerates the SC
to 105% rated speed in the start-up stage with SFC. Dynamic behaviors and control methods of the start-up
stage with SFC are compared and analyzed in [16, 17]. The SFC logs out and the SC is connected to the power
grid in the idling grid-connection stage. The constraint condition and success rate of grid-connection are studied
in [18]. In the reactive power regulation stage, the SC ensures the safe and stable operation of the power grid
[19].

This paper focuses on the research of the idling grid-connection stage, and analyzes the generation
mechanism of the grid-connection problem of the new generation synchronous condenser. Through simulation
experiments, it was found that the idling rate can be controlled by changing the excitation current. Consequently,
according to the requirements of frequency difference and angle difference, an optimized grid-connection strategy
is proposed. Further, the effectiveness and feasibility of the proposed strategy are verified using the RTDS

platform.

2. Idling grid-connection problem

Figure 1 shows a wiring diagram of the primary circuit adopted by the 300 MVAR condenser project in China.
There is no booster transformer on the output side of the SFC. When the SFC logs out (the IPB switch is
off in the figure), the terminal voltage amplitude of the unit will not exceed the voltage-limiting value of the
SFC output side (less than 3 kV). Therefore, before the unit is connected to the grid (RCB in Figure 1 is a
grid-connection switch), the SFC must not be in operation, so that the excitation system can establish a rated
terminal voltage of 20 kV to meet the voltage condition for grid connection. However, the SFC limit will cause
the condenser to lose the primary power and idle. As a result, the system speed will decrease, and the frequency
difference and angle difference will increase.

In order to solve the above contradiction, the following grid-connection strategy can be adopted: the
SFC accelerates the unit to 105% rated speed (approximately 3150 rpm) and then logs out, and the ICB and
IPB are disconnected. In the process of idling, the excitation system changes from the start-up excitation to
the main excitation and establishes the rated terminal voltage. At the same time, the quasi-synchronous device
captures the synchronization point and connects the unit to the grid. Because there is no prime mover in
the idling grid-connection process, the synchronous device can only passively capture grid-connection points.
Therefore, the conditions of synchronous grid connection must be studied to provide a basis for determining

the parameters.
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Figure 1. The illustrative start-up, excitation control and grid-connection system of the 300 MVAR synchronous
condenser.

3. Analysis of grid connection conditions
3.1. Analysis of idle speed process

The idle process can be simulated by software according to the actual electrical, mechanical, and loss parameters

of the condenser, as shown in Figure 2.

3160 | 12
] If
3120} 10
E 3080] - 08
S E
=] ] 06—
Q G
§3040_ Speed =
] 04
3000
] F 02
2960
T T T T T T T T 00
5 10 15 20 25

Time (s)
Figure 2. Relationship between the excitation current and the condenser speed during the idling process.

When the excitation system does not output a no-load rated excitation current, the unit speed decreases
by approximately 4.4 rpm/s. When the main excitation does output a no-load rated excitation current, the
losses of the main transformer and excitation transformer increase accordingly. The idling rate of the unit also

clearly increases, and the unit speed decreases by approximately 8.82 rpm/s.
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Based on the simulation results, the system idling speed is accelerated by the increase in total loss, and
the transition in idling speed from 3150 rpm to 3000 rpm requires only approximately 20 s. Therefore, along
with the main excitation output no-load rated excitation current, the idling speed process will be accelerated.
If the system is not connected to the grid before 3000 rpm, the relationship between rotation speed and time
can be approximately described as shown in Figure 3. From ?y to t1, the system completes the SFC exit,
switch operation, and other processes. At time t;, the main excitation begins to function, and at time ts, the
excitation current approaches the no-load rated excitation current, and the transition process is completed. The
increase in excitation current accelerates the idling speed of the unit, and at time ¢, the unit enters the idling

speed stage after excitation is established. At time t3, the speed changes to a rated speed of 3000 rpm.

Speed

~Y

time

Figure 3. Detailed idling process of synchronous condenser rotating speed without control.

If the influence of the excitation current transition process is neglected, the unit loss is related to the
rotational speed and can be considered as approximately constant near the rated rotational speed. The excitation
loss is related to the excitation current. Under the condition of maintaining the no-load rated excitation current,
the excitation loss remains basically unchanged, and consequently the total unit loss remains essentially constant
around the rated speed. Therefore, it can be considered that the slope of the rotation speed remains unchanged
in the progression from main excitation output no-load rated excitation current to rated rotation speed.

In the whole idling speed process, the phase angle difference between the unit and grid voltage is the
integral of the frequency difference. If the unit is not connected to the grid before 3000 rpm, the phase angle
difference can be considered as equivalent to the area of the graph enclosed by the curve and the horizontal
axis.

Setting the grid voltage fruency to fy = 50H z, the phase of the grid voltage vector can be determined
by

Bg(t) = wst = 21 fot. (1)
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The phase of the voltage vector at the high voltage side of the main transformer is expressed as

Bar(t) = [ 2mhlt) dt = 20(f - s, (2)

where f,,(t) = (f1 — kt) is the unit frequency (Hz); f1 is the frequency of the synchronous condenser
when the SFC logs out; because the SFC system drags the unit to a 105% rated rotating speed, the default value
of f1 is 52.5H z; k is the idle speed slope of the unit; and ®q € [0,27) is the initial included angle between the
main transformer high voltage side and the grid side voltage vector at the SFC exit. Thus, it can be determined

that the angle difference changes with time as follows:

AB(1) = Bar(t) ~ B(1) = 27y — o)1+ Bo — 2mfot = 2 | (fy — fo) 1~ 22| + @y, (3)

where k = (52.5 —50) Hz/17s =5/34Hz/s, and t = (f1 — fm) /k. After substitution, we obtain

A®(fp) =27 x 3.4 x [~ f2 +100f, — 52.5 x 47.5] + @ (4)

simplicity, both sides are divided by 27 to yield

AP (fp) = 3.4 x [—fr +100f,, — 52.5 x 47.5] + @, (5)

where ®¢ = ®y/27m € [0,1).
Thus, the phase difference at different moments is affected by the speed change rate and initial phase
difference. Therefore, with the change in initial angle difference, the synchronous grid-connection situation will

also change.

3.2. Analysis of grid-connection impact

Based on the analysis in section 2.1, since the initial state of each grid connection is different, the grid-connection
state will also vary. This section simulates the influence of various angle differences and frequency differences on
the grid-connected impact of a 300 MVAR synchronous condenser. When the grid-connection angle difference
is fixed at 1°, changing the grid-connection frequency difference yields the results listed in Table 1.

When the grid-connection angle difference is small, the impact current amplitude is proportional to the
grid-connection frequency difference because the maximum impact current occurs in the grid-connection drive
process. In contrast, when the grid-connection frequency difference decreases to a certain extent, the impact
current does not decrease linearly due to the angle difference. Under the condition of a fixed grid-connection
angle difference of 2°, a frequency difference of 0.12H z causes an impact current of 0.218 pu, and a frequency
difference of 0.22Hz causes an impact current of 0.219 pu. That is, the impact current essentially does not
change.

Under the condition of a fixed grid-connection frequency difference of —0.475H z, the relationship between
impact current and angle difference is obtained as shown in Table 2. In this case, the frequency difference
determines the minimum impact current. As the angle difference increases, the impact current increases in an
approximately linear relationship.

Based on these simulations, an increase in the grid-connection frequency and angle differences will affect
the grid-connection impact current. In order to reduce the impact of the synchronous condenser grid connection

on the system, the grid-connection frequency and angle differences should be reduced.
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Table 1. Impact of frequency difference at a constant angle difference.

Frequency difference /Hz | 0.600 | 0.547 | 0.317 | 0.267 | 0.230 | 0.158
Impact current /pu 0.311 | 0.278 | 0.166 | 0.154 | 0.141 | 0.111

Table 2. Impact of angle difference at a constant frequency difference.

Angle difference /Hz | 0.1° | 2° 5°
Impact current /pu | 0.254 | 0.300 | 0.440

3.3. Analysis of grid-connection synchronous window

According to Equation 5, an expression for unit frequency depending on angle difference can be obtained:

fo =50+ V25 —4 (A;P — dp) /3.4. (©)

The angle difference at 50H z can also be deduced according to Equation 5:
AP (50) = 21.25 + Pg. (7)

Thus, the zero-angle-difference grid-connection point closest to 50Hz is A®(f,,) = 22 when &y > 0.75

. According to Equation 6, the maximum frequency difference for this case is

(\/25 —4(22 — @y /3.4)
2

max(fm — 50) = mazx

) =0.271 (8)

When @y < 0.75, the zero-angle-difference grid-connection point closest to 50Hz is A®(f,, =) = 21.

According to Equation 6, the maximum frequency difference for this case is

(\/25 —4(21 — ®0/3.4)
2

max(fm — 50) = max ) = 0.542 (9)

By comparing equations 8 and 9, it can be seen that, under the condition of a fixed idling rate of 0.147
Hz/s, the maximum possible frequency difference is 0.542 Hz. Therefore, the grid-connection condition of the
synchronous device should be greater than 0.542 Hz.

When the allowable grid-connection frequency difference is greater than 0.6 Hz, there must be a syn-
chronous point, and the duration of the window at each synchronous point should be considered. This special
case is indicated by the black curve in Figure 4, where there are three grid-connection nodes: P1, P2, and P3.
Considering 7kt? = A6, the optimal grid-connection window near P3 is T,,; = 2,/A0/7k . If the grid allows
an angle difference of 5° and idling speed of k = 5/34, then the optimal window length is equal to 869 ms.

Next, consider the duration of synchronous windows 77 and 75, which can be calculated as follows:

21 + A6 27 — A
! 2 \/ TK3 \/ TK3 e (10)

Because the trajectory curve moves up and down with the changing initial phase angle difference, there

may be no ”optimal synchronous window,” as indicated by the blue, green, and purple dotted lines where 77 and
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Figure 4. Schematic diagram of the synchronization window represented using the angle difference at a given condenser
frequency.

T5 are the worst cases. Therefore, the synchronous device should ensure that the duration of the synchronous
window is greater than 51 ms. If the grid-connection angle difference requirement is relaxed, the duration of

the synchronous window can be increased.

4. Grid-connection optimization strategy

According to the analyses thus far, in order to ensure a high grid-connection success rate, stricter requirements
regarding setting the synchronous window and grid-connection frequency difference of synchronous devices are
required. At the same time, when the grid-connection frequency difference is large, the impact on the power grid
is relatively large. Thus, it is necessary to develop and optimize the grid-connection strategy to simultaneously

improve the grid-connection success rate and reduce the grid-connection impact current.

4.1. Effect of idling rate on grid connection

The idling process of the unit can be simulated by software according to actual electrical, mechanical, and loss
parameters. The idling speed times were set as 15 s, 17 s, 20 s, and 25 s (105% to 100% of the rated rotational
speed time), and the initial angle difference was set as zero. The curves of the angle difference with respect to
frequency at different idling rates are shown in Figure 5.

Based on Figure 5, when the idling rate is high, that is, when the idling time is long, the curve passing
through the frequency segment corresponding to 2nm to 2(n+1)x is small, ensuring that the frequency difference
range of the existing grid-connection node is also small. On the contrary, when the idling rate is high and the
idling speed time is short, the curve passing through the frequency segment is large, ensuring that the frequency

difference range of the grid-connection point is also large. A change in the initial value may result in a grid
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Figure 5. Curves of the angle difference with respect to frequency at different idling rates

connection with a large frequency difference. Therefore, the grid-connection conditions can be changed according
to the system idling rate.

4.2. Optimization strategy for idling grid connection

The goal of optimal grid connection should be to achieve a frequency difference and angle difference both equal
to zero, which is the best grid-connection point. When the excitation current is equal to 0, the system idling
speed is low due to the small loss. When the excitation current completes the voltage construction, the system
idles with an approximate slope of k. Therefore, the optimized grid-connection strategy can be obtained as
shown in Figure 6.

In the transition process, the unit idles with an excitation current close to the no-load rated excitation
current. From ¢y to t,p0, the sampling value of the idling rate is obtained by sampling the condenser rotation
speed and performing a calculation. The angle difference between the synchronous condenser and the system
at t3 can then be estimated based on this value. According to equation 3, an expression for the angle difference

at t3 can be obtained as follows:

t:
Ad(t) = /t Cwdt + By = %% + Do (tope), (11)
2

where ®¢(t2) is the angle difference at moment ¢o, and A®(¢3) is the expected angle difference. From
the previous analysis, when the expected angle difference is 0, the system will be connected to the grid under
the optimal condition. On the other hand, if the expected angle difference is large, the point at which the
grid-connection angle difference is equal to zero will be farther from 50 Hz, and the grid-connection frequency

difference will be large.
Therefore, if the expected angle difference is larger than a set value, the system enters the optimization

program at t., and reduces the excitation current to k; times the rated value. As the excitation current
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Figure 6. Multislope velocity curve with the optimized idling grid-connection strategy.

decreases, the system idling speed will also decrease. As shown by the solid line in Figure 6, the angle difference
will increase as the system idling speed process increases. If the expected angle difference in Equation (11) is
kept unchanged, an expected angle difference of 50 Hz can be obtained after the excitation current is restored
to the rated excitation at each moment. Assuming the expected angle difference of the system at time t,,1 is
2n7, at this moment, the excitation current is restored to the rated value, and the voltage is rebuilt. According
to previous analyses, the change in angle difference caused by rotation speed is equivalent to the area of the
graph, and thus the increase in angle difference can be regarded as equivalent to the area of the shaded part of

the graph in Figure 6.

4.3. Optimization algorithm implementation

According to Equation 11, an expression for judging whether there is a synchronous point can be obtained as

{

If a T can be found to satisfy Inequality 12, no adjustment is required for this grid connection. If

follows:

D (topt) + j;fpt (Afr,,, + kot) dt| < Abges

(12)
Aftopt + kOT| < Afset

no feasible solution can be found, there is no grid-connection point that simultaneously meets the frequency
difference and angle difference requirements for grid connection. If there is no such connection point, the
excitation current is adjusted to 0.5 times the no-load rated current at time t,,0. Because of the decrease in
excitation current, the unit loss and idling speed decrease.

As it is difficult to solve simultaneous inequalities, equation 12 is converted into

{

If there is no solution to Inequality 13, the excitation current is adjusted. After the excitation current

Bo(topt) + [y (Afeyy + kot) dt]| = Absey 13)
Aftopt + kOT| < Afset

is adjusted to 0.5 times the no-load rated current, the goal of the adjustment becomes to find a time topl at
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which the excitation current is adjusted back to the no-load rated current. Then, there can be a synchronous
point that meets the frequency difference and angle difference requirements. That is, the problem that satisfies
Inequality 14 must be solved.

{

Again, it is difficult to solve simultaneous inequalities, and electrical and mechanical losses cannot be

b + [177H (A fopo + 52502239ty dt 4 [T kot d] < A

(14)
Aftopt + k0T| < Afset

obtained in advance. Therefore, in order to facilitate the program implementation, Inequality 14, which is

solved to obtain 1, is converted to Inequality 15, which is solved in real time. When 7T satisfies Inequality

15, after the excitation current is restored to the no-load rated current at that moment, a synchronous point

can be found to meet the grid-connected frequency difference and angle difference requirements.

{ [A800 + [T (A fopr + hiot) dt| = Aboer 15)
|A fop1 + ko(Th — top1)] < Afset

Assuming that the current time is ¢,,1, if the excitation current is adjusted to the no-load rated current,
there should be a synchronous point that satisfies Inequality 13 under the condition of the idling speed being
in the no-load rated excitation current state. That is, it can be confirmed whether the current time is topl
by solving Inequality 15. If the current time is ¢,p1, the excitation current will be adjusted back to the no-
load rated value, and the optimization will end. If the current moment does not meet Inequality 15, then the
excitation current is maintained at 0.5 times the no-load rated value, and Inequality 15 is judged again at the

next moment.
The flowchart of the optimization algorithm is shown in Figure 7.

5. Simulation and RTDS simulation results
To verify the effectiveness and feasibility of the proposed method, simulations are build. And the main

parameters of the new generation SC are listed in Table 3.

Table 3. Main parameters of SC.

Parameter Value
Rated capacity 300 Mvar
Rated loss 3245 kW

Rated voltage 20 kV
Rated current 8660 A
Rated frequency | 50 Hz
Rated speed 3000 r/min

5.1. Simulation comparison

Through MATLAB simulation software, start-up and grid-connection simulations of the synchronous condenser
were conducted, and the optimization algorithm and the traditional algorithm were respectively simulated.
In order to reduce the simulation time, the idling speed of the two units was initially set to 3090 rpm,

and the excitation subsequently built up. The initial angle difference between the two units and the grid voltage

2904



SHI et al./Turk J Elec Eng & Comp Sci

SFC logs out ,
Excitation change

v

‘ Idle rate calculating ‘

v

Estimating the existence of
the synchronous point

Synchronous
point exists

Adjust excitation current to

<~\ End / 0.5 times
v

Estimating the existence of
the synchronous point

Synchronous
point exists

Figure 7. Flowchart of the optimized idling grid-connection strategy.

was 100°, the allowable angle difference of grid connection was 2°, and the allowable frequency difference of
grid connection was +0.4H z. The simulation results are shown in Figure 8.

It can be determined from the simulation results that, when the optimal idling speed is not adopted
for grid-connection, the grid-connection speed of the unit under this condition is 3022.1 rpm, and the grid-
connection frequency difference is 0.368 Hz. After the optimal idling speed is adopted, the grid-connection time
increases, and in the period of downward adjustment of excitation, the idling rate decreases significantly, and
the final grid-connection speed is 3010.4 rpm, and the grid-connection frequency difference is 0.173 Hz.

Meanwhile, the amplitude of the three-phase impulse current vectors flowing through the grid-connected
switch at the high voltage side of the main transformer is as shown in Figure 8b.

The impact of grid-connection is not only determined by frequency difference, but also affected by angle
difference. However, through the optimization algorithm, when the fixed grid-connection angle difference is 2°,
the impact current amplitude of the optimization algorithm is 144.8 A, which is 16.6% lower than the 168.9 A
without the optimization algorithm.

The goal of the optimization algorithm is to make the unit connected to the grid have zero frequency
difference. Compared with the theoretical calculation, the actual excitation regulation needs time; the excitation
regulation process will affect the result of the optimal idling speed, and the final frequency difference will fall

between +0.2H 2. Compared with the traditional algorithm, the optimal idling speed grid-connection algorithm
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Figure 8. Comparison result of idling grid-connection between the traditional and the optimization algorithms.

can reduce the allowable frequency difference by more than 50%, effectively reducing the power impact resulting

from idling speed grid-connection.

5.2. RTDS simulation results

A synchronous condenser RTDS test platform was constructed based on an existing platform, and the optimized
grid-connection strategy was verified. As shown in Figure 9, the platform includes RTDS real-time digital
emulator, IO interface card and controller. The IO card completes the mutual conversion of digital and analog
signals; the RTDS real-time digital emulator and IO card are connected through optical fiber, and the signal
interface card is connected with the control and protection equipment cable. The power supply, primary circuit,
motor and excitation system of the static inverter are realized in the form of digital model in the simulator of
RTDS; the digital signals of the voltage, current and breaker state of the primary part of the simulation are
output to the controller through the interface board; according to these values, the controller takes the speed

as the control object, and outputs the trigger pulse of SFC.

The obtained test results are shown in Figure 10. Based on the experimental results, when the voltage
construction is completed, the system will reduce the excitation current, and the idling speed will change after

a sampling time of 2 s.

When the expected angle difference meets the requirement, the system rebuilds the voltage and finally
connects to the grid at 3000 rpm. The frequency difference is approximately zero and the measured value
is 0.09Hz. After applying the grid-connection optimization strategy, the grid frequency difference could be
optimized from 0.54Hz to 0.3Hz and the grid-connection angle difference from 5° to 2°. With decreasing grid
frequency and angle differences, the synchronous condenser idling grid-connection impact decreases significantly.

From the results of the RTDS simulation test, when the excitation current is fixed, the idling rate is
approximately unchanged, and with a change in excitation current, the idling rate also changes accordingly;
thus, we can correct the grid-connected frequency difference. When the grid-connection frequency difference is
small, the synchronous window increases, which aids the synchronous device in reducing the grid-connection

angle difference and impact current.
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Figure 10. RTDS test results of the proposed optimized idling grid-connection strategy.

6. Conclusion

The new generation of synchronous condensers can effectively alleviate the dynamic reactive power shortage
problem caused by strong HVDC systems, weak AC systems, and large load centers. During the grid-connection
process of the new generation of synchronous condensers, there is a stage without prime power dragging, during
which a series of processes such as excitation switching and synchronous grid-connection must be completed.
This introduces new requirements for synchronous condenser grid connection.

This paper analyzed the grid-connection process of the synchronous condenser idling speed and provided a
basis for setting the parameters of the synchronous device. Furthermore, an optimized idle speed grid connection
strategy was proposed, and its effectiveness proved by RTDS testing. The strategy can significantly reduce the
grid-connection frequency and angle differences and decrease the impact of the 300 MVAR synchronous grid

connection on the system.
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