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Abstract: Voltage stability has always been a hot topic in power system research. Traditional On-Load
Tap-Charger (OLTC) transformer is considered to play a very important role in the system voltage
stability. However, in the heavy load of distribution network, the tap adjustment of OLTC transformer
will lead to the shift of critical stable operating point, which bring the “negative voltage regulating
effect” of voltage adjustment, and even cause the instability of system voltage. This paper presents
a Flexible On-Load Voltage Regulation (OLVR) transformer based on power electronic technology.
The Flexible On-Load Voltage Regulation (OLVR) transformer is a combination of Power Electronic
Converter (PEC) and OLTC transformer, which can realize voltage step-less regulation and reactive
power regulation. Meanwhile, the paper presents the equivalent models of distribution network with
Flexible OLVR transformer and analyzes the critical operating point. Through the step-less voltage
regulation control of the Flexible OLVR transformer, the negative voltage regulation effect of the
transformer in on-load voltage regulation is avoided, and the voltage stability of the distribution
network is improved.

Keywords: transformer; On-Load Tap-Charger; voltage stability; voltage regulating effect

1. Introduction

In the past 20 years, many voltage collapse accidents happened around the world,
which have caused huge losses [1]. The problem of voltage stability is a hot topic in power
system research at present. Many methods have been used to explore the mechanism
of voltage instability and dynamic modeling, and many achievements have been made.
The OLTC dynamics, generator reactive power constraints and load characteristics are
the three main factors that cause system voltage instability [2]. Among them, OLTC is
particularly concerned.

As an important equipment to regulate voltage and maintain voltage stability in power
grid, the traditional On-Load Tap-Charger (OLTC) transformer has put forward higher
and higher requirements for its voltage regulation ability [3-5]. In the operation of the
system, OLTC transformer maintains the voltage level in the load areas by self-adjusting its
transformation ratio. The existing OLTC transformer can only regulate voltage according to
a certain step but cannot achieve step-less voltage regulation [6,7]. Solid state transformer
(SST), also known as power electronic transformer, can achieve full range control of output
voltage and current and ensure flexible power regulation, also improve the voltage stability
of the power system. However, due to the significant increase in cost and low conversion
efficiency, it is limited to be widely used in the grid [8-10]. Hybrid Transformer (HT)
combines the advantages of stability and high efficiency of power transformers with the
functions of SST to improve power quality, reactive power compensation and power
flow control. However, with the increase of its adjustable voltage range, the capacity
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and cost of power electronic converters of hybrid transformer in the references will also
increase significantly. Meanwhile, the problems of operation efficiency, power density and
manufacturing cost of hybrid transformer will also gradually become prominent [11,12].
Therefore, it is still necessary to find a low-cost transformer structure, which can achieve
precise voltage regulation and maintain voltage stability of power system.

Some scholars believe that reactive power deficiency is the essential cause of voltage
instability. The problem of voltage stability mainly depends on the power regulation ability
of the system transmission power and the load itself [13-15]. Regarding the theoretical
research of static voltage stability, the P-V curve describing the relationship between
the transmission power of the system and the load voltage can be used as an effective
analysis method. Some scholars have used the P-V curve to explain the mechanism of
voltage instability [16]. In voltage stability analysis, the action characteristics of OLTC
are considered to be one of the important reasons for voltage instability. According to
the literature research, the dynamic regulation characteristics of OLTC transformer will
lead to negative voltage regulating effect, which will further lead to voltage instability
of power system [17]. According to the calculation of saddle junction bifurcation curves
in reference [18], different forms of saddle junction bifurcation are important reasons for
voltage instability.

Some studies have shown that the voltage regulating effect of OLTC transformer is not
only related to its own action characteristics, but also closely related to the mathematical
model of load [19]. Some literature discussed in detail the influence of OLTC action on
critical power and load power, and determines the system stability according to the limit
power of system transmission and the increasing speed of load power [20-22]. The above lit-
eratures are limited to the analysis of the influence of tap charger adjustment on load power
and critical power, and qualitative analysis whether the step adjustment of OLTC may
lead to voltage instability. However, when traditional OLTC transformers are combined
with power electronic converters, which form a new type of Flexible OLVR transformer.
The effect of step-less voltage regulation function of Flexible OLVR transformer on system
voltage stability does not apply to the above method, and it needs to be further studied.

In this paper, a new type of Flexible On-Load Voltage Regulating (Flexible OLVR)
transformer is proposed, which has the advantages of both the SST and the OLTC trans-
former. It integrates the PEC with the traditional OLTC transformer winding points, could
realize step-less voltage regulation by a small capacity power electronic converter. The
Flexible OLVR transformer is a kind of low-cost equipment in distribution grid, can sig-
nificantly improve the given ability of power grid in renewable energy, and has broad
application prospects.

In Table 1, the proposed topology is compared with the existing schemes in the
literature in terms of voltage regulation characteristics, cost, control strategy, loss and
reactive power compensation capability. As can be seen from Table 1, Flexible On-Load
Voltage Regulating (Flexible OLVR) device combines the advantages of both the SST and
the OLTC transformer. It integrates a small capacity PEC with the traditional OLTC
transformer winding points, which could realize step-less voltage regulation and reactive
power compensation, at the same time still having the advantages of low cost, small loss
and good dynamic response.

The paper presents the equivalent model of distribution network with Flexible OLVR
transformer and analyzes the critical operating point of the model. Through the step-less
voltage regulation control of the Flexible OLVR transformer, the negative voltage regulation
effect of the transformer in on-load voltage regulation is avoided, and the voltage stability
of the distribution network is improved.

The main contributions of this paper include a new Flexible OLVR combining power
electronic converter and transformer is advanced, which combines the reliability of OLTC
transformer with the flexibility and controllability of power electronics; The voltage stability
analysis methods considering Flexible OLVR transformer are presented, and the step-less
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voltage regulation function of Flexible OLVR transformer could effectively increase the
system stability zone.

Table 1. Performance comparison table of the proposed structure and existing schemes.

Topology Voltage Regulation Cost Control Strategy Response Time Loss Reactive Compensation
OLTC Transformer Step Low Simple Slow Low Incapacity
Solid State Transformer Step-less Highest Complex Fast Highest Full Capacity
Hybrid Transformer Step-less Higher Complex Medium Higher Part of Capacity
Flexible OLVR Step-less Medium Medium Medium Medium Part of Capacity

Compensation Voltage c

Section 2 presents topology scheme of Flexible OLVR. Section 3 shows the principle
of voltage step-less regulation of Flexible OLVR. The voltage stability model considering
Flexible OLVR transformer is presented in Section 4, which could be used to analyze the
influence of the tap adjustment of OLTC transformer on the critical stability point of the
system. The step-less voltage regulation function of Flexible OLVR transformer could
effectively increase the system stability zone is introduced in Section 5. The rationality
and validity of the proposed topology is tested by simulations and experimental tests in
Sections 6 and 7. The conclusions are drawn in Section 8.

2. Structure of Flexible On-Load Voltage Regulator Transformer

Figure 1 shows the Single-phase topology structure of Flexible OLVR transformer. The
basic topology structure mainly includes the main transformer TR;, the OLTC tap switches
SW and the power electronic converter PEC.

Main Transformer TRy

Main Winding Lo

U|_ Load
- - - - - Load Voltage
| Tap switches I
| | Secondary Winding
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| I
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Grid | | *
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Figure 1. Single-phase topology structure of Flexible OLVR Transformer.

The primary side winding can be divided into main winding, tap winding and power
winding. The power winding could be defined as a section of tap winding of traditional
OLTC transformer or a separate isolating winding.

The tap switches SW are set at the primary side of the main transformer, and the
switches SW is connected to the tap windings Lx of the main transformer. By controlling
the switches SW, the winding regulation of the primary side can be realized, so as to control
the ratio of the main transformer.
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One side of the PEC is connected with the power winding L, and the other side of the
PEC device is connected in series with the primary side winding of the main transformer.
By controlling the output voltage of the PEC, the amplitude and phase of primary voltage
of the main transformer can be adjusted, so as to dynamically realize the stable control
of load side voltage. Through the back-to-back H-bridge topology, the PEC can acquire
the power by the power winding by parallel grid-connected converter, also known as the
voltage source converter (VSC) of the rectifier side. The series grid-connected converter of
PEC which called voltage source converter (VSC) of the inverter side connected to the main
circuit at the primary side in series through the isolation transformer. Generally speaking,
the operating voltage of the PEC only is equal to the part of rated voltage of Flexible OLVR
transformer, which should set at one step voltage of tap winding. For example, in a 10 kV
OLTC transformer the one step voltage of tap windings is setting 2.5% of the rated voltage,
which means the step voltage of the tap winding is 250 V.

Therefore, the PEC of the device is essentially a low-voltage topology that means the
cost of the Flexible OLVR will not increase much. It can be seen from Figure 1, because the
above PEC is a single-phase structure and the reference ground of the PEC is at the primary
side, the isolation voltage class of power winding and the output isolation transformer
need not be designed as 10 kV. It could simplify the design difficulty of the transformer
and reduce the volume of the power electronic converter. Therefore, compared with the
traditional OLTC transformer, the volume of the Flexible OLVR increases a little.

In Figure 1, the primary side winding is divided into three parts: main winding, tap
winding and power winding. The winding Ly is its main winding. The Ly, is the power
winding at the primary side. The L, are the voltage regulating tap windings of the main
transformer, those windings are, respectively, connected with the OLTC switch. The K, are
9 tap switches, and the initial step voltage regulation of the secondary load voltage of the
Flexible OLVR device can be realized by the changing of multiple states in OLTC switch.

The PEC adopts single-phase voltage source converter (VSC) and back-to-back topol-
ogy. The semiconductor switches in the converter are insulated gate bipolar transistors
(IGBTs). However, the rectifier side converter acquires power through the filter inductor L,
to provide energy for the DC bus capacitor Cpc. The capacitor can provide power support
for VSC of inverter side and reduce DC side harmonics. Then, the required compensation
voltage is generated through the single-phase full bridge inverter. After L, and Cj filtering,
it is connected in series with the primary side of the main transformer through the isolation
transformer T.

The PEC could carry out closed-loop control on the output voltage vector of the in-
verter side converter, and cooperate with the OLTC switches to adjust the main transformer
ratio, so as to realize the accurate load voltage compensation function of the Flexible OLVR.
Since the PEC only needs to compensate the voltage deviation after OLTC switches action,
the operation voltage and capacity of the PEC can be greatly reduced, and the cost and
volume of the PEC can be further reduced.

3. Principle of Step-Less Voltage Regulation

The most important function of the Flexible OLVR transformer is to regulate load
voltage. The voltage step-less regulation function in this device can be realized by two
parts of the structure, respectively. One is to control the injection or removal of part of
the primary winding by the OLTC switches to realize the transformer ratio regulation;
the other is by controlling of the PEC, the isolation transformer Ty can provide voltage
with controllable amplitude and phase, so that the PEC has the ability to achieve voltage
compensation and reactive power regulation within a certain range.

Figure 2 shows the voltage vector relationship of Flexible OLVR transformer, us is the
voltage of the power grid, u,,; is the voltage connected to the winding at the primary side
of the transformer, which can be equivalent to the value of load voltage converted into the
primary side. k is the transformation ratio. u. is the compensation output voltage by the
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PEC, #¢.max is the maximum voltage compensation value of the converter, and the dotted
circle is the compensation range of the PEC.

kour

(©

Figure 2. Voltage vector relationship of Flexible OLVR (a) The same direction compensation scheme
(b) The reverse direction compensation scheme (c) Arbitrary direction compensation scheme.

It can be seen that in Figure 2a,b, when the compensation voltage u, is in phase with
the grid voltage us, the grid voltage can be directly compensated, the winding voltage
uy,; at the primary side can be controlled within the controllable range, and then the
transformer ratio k can be controlled through the OLTC switch, so that the load voltage
is stable and controllable, and the step-less adjustment function is realized. Figure 2c
shows that when the compensation voltage u. sends out vectors of different phases, certain
reactive power regulation can also be carried out within the dotted circle [10]. Compared
with the traditional transformer, it has the voltage regulation function of higher precision
and wide range. At the same time, it also has a more intelligent processing method for
complex situations.

The Flexible OLVR transformer can achieve fast and continuous load regulation by
PEC. It is divided into step regulation and step-less pressure regulation. The Flexible OLVR
transformer control strategy needs to be completed in two steps with the adjustment of
different taps:

1.  Before the step-adjusted tap switches SW action, the PEC outputs continuously vary-
ing voltage, and when the voltage amplitude of the PEC reaches the maximum limit,
the step-adjusted tap switches SW will start to operate;

2. When the step voltage regulation is carried out, the voltage amplitude of the PEC
becomes zero. Adjust the tap winding to ensure that the load voltage is consistent
before and after the tap switches SW action, so as to realize the cooperation of step
and step-less voltage regulation.

4. The Voltage Stability Model Considering Flexible OLVR Transformer
4.1. Modeling and Analysis of Voltage Stability in Power System

For a simple linear radial network of a power system, consisting of sources, transmission
lines and loads, the equivalent circuit diagram and phasor diagram are shown in Figure 3. In
the Figure 3 the equivalent impedance of the transmlssmn line is Z = R + jX. The impedance

angle is o. Ei Is the grid voltage vector. V1 V140 = Eis grid voltage vector of Thevenin

equivalent. V2 = V» /4 is the load voltage vector. P; is the load active power, and Q) is the
load reactive power.
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V,0

|

ZZa=R+ jX

(a) (b)

Figure 3. Equivalent circuit and phasor diagram of simple linear network in power system. (a) The
Equivalent Circuit of simple linear network (b) The Phasor Diagram of simple linear network in
power system.

Consider the relationship between the two terminals of a transmission line, the rela-

tionship between V; and V; is as follows:

. RP, + X RP, — X
) Q2+] p) Q

= 1
Vi=WV,+ A A 1)

where, R = Z cosa and X = Zsina are the equivalent resistance and reactance of the line,
respectively. V; is the voltage amplitude of the grid. V; is the load voltage amplitude. The
apparent power of the load is expressed as:

Sy =Dy +jQp = Sp(cosb + jsin@) = VoI* ()

Considering the phasor diagram in Figure 3b, the real and imaginary parts of Equation (1)
are separated, and the following results are obtained:

ViVacosé = Vi + RPy + XQa (3)

V1V2 sind = XP2 — RQZ (4)

By square summation of Equation (3) and (4), the angle 6 of Equation (3) and (4) can
be eliminated, and the following can be obtained:

V2V2(sin? § + cos? 8) = V3t + 2VZ(RP, + XQy) + (RP, + XQ2)* + (XP, — RQy)*  (5)
As known,
F(Va, Py, Qy) = Vi + V2 [2(RP2 +XQ) — Vf] + 7282 )

where,
(RP, + XQ5)* 4 (XP, — RQ,)? = Z2 (PZZ + @3) =7%53 ?)

Equation (6) reflects the functional relationship among V;, P, and Q. Considering
Q2 = Pytan 0, 0 is the load power factor angle, Equation (4) can be further rewritten as:

V3 + V2 [2(RP; + XPytan0) — VE| + 22 (P} + P} tan? ) = 0 ®)
Make the formula true:
y =V a=V?—2(RP, + XP, tan0) ©)

2
A= [2(RP, + XPytan) — V2| — 472 (P} + P} tan?0) (10)
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The function can be obtained from Equation (8):
2 — ay + 72 <P22 + P2 tan?0) = 0 (11)

When the equivalent impedance Z, power factor angle 6 and grid voltage V; are
constant, the relation curve between load active power and voltage can be obtained, as
shown in Figure 5.

When the load active power value is given, there may be two corresponding voltage
operation points A and B:

Vaa =\ %; Vap = || # (12)

The rightmost endpoint in Figure 4 is the critical point of system voltage stability C,
which represents the maximum power point that can be transmitted under determined
system parameter, and the active power is Py 4, at this point. Below the critical point is
the unstable zone of the system. Above the critical point is the stable zone of the system.
When the system runs stably, the maximum and minimum allowable voltage are V5
and V; . The region within this voltage range is defined as the safe zone, and the stable
region below the load voltage V; ,,;, is defined as the critical region.

V, A

V1 .
H
V2 max H A
Safe Zone \
V2,min H
Critical Zone \
Vaer c

S
>ed

)

Unstable Zone

P2

\/

P2 P2 max
Figure 4. The load P-V curve of simple power system. Point A in is the stable operation point, and

point B is the unstable point, Point C is the critical point of system.

It can be seen that point A in Equation (12) operates in the stable zone, and point B
is the unstable point. The critical point C can also be called the static bifurcation point of
the system, and its characteristic is that the Equation (12) is zero, which can be obtained
as follows:

2
[2(RP; + XPytan6) — V| = 422 (P} + P tan®0) (13)

The critical voltage value obtained through the critical point C in Equation (11) is:

« VZ — 2(RPomax + XPomax tan 6)
Vopa=Vop=4/5 =

5 5 (14)

According to Equations (13) and (14), the voltage V5 ., at the critical stability point C
of the system is related to the voltage value of the power grid, the equivalent impedance
of the line and the power factor of the load, and so is the maximum output active power
Py yax corresponding to that point. By changing the above system parameters, the P-V
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curve of the load can be adjusted, and the critical stability point of the system can also
be changed.

4.2. Influence of Deviation from Critical Stability Point of OLTC Transformer

The traditional OLTC transformer is step voltage regulation, and the transformer ratio
can only be adjusted by a fixed tap. The simple system model with the OLTC transformer
added to the distribution network is shown in Figure 5a, and the equivalent model from
the load side is shown in Figure 5b.

V,20°
! 1:k Va0

|
G
|

kV120° V,. 6
k’Z, ~a° Xt
1
|
P2+jQ2

(b)

Figure 5. Simple system model and equivalent model with OLTC transformer. (a) The Simple Circuit
of a power system with OLTC transformer (b) The Equivalent model with OLTC transformer.

Despite the addition of OLTC transformer, the line impedance can still be equivalent
to Rs + jXs, which is translated to the load side as Z = K2R, + ijXS, and the grid voltage is

translated to the load side as kV; Z£0, k is the ratio of OLTC transformer. The relationship
between load voltage and active power can still be expressed through Equation (8). Under
the condition that the load active power and power factor remain unchanged, Equation (8)
could be modified as follows:

VA4 V2 [2(1812132 + 2X, P, tan ) — (kvl)z} + 72 <P22 + P2 tan?6) = 0 (15)

where Z = k2R + jksz, Rs =R,and Xs = X + X1 /k?

Assuming that load power factor, equivalent impedance of the line are cosf = 1.0,
R =0.04, X; = 0.012. At the same time, the OLTC transformer before tap switches action,
the ratio k; = 1.0, and after adjustment, the ratio ky = 1.1. The corresponding P-V curves of
the system before and after adjustment of the tap switches can be calculated, as shown in
Figure 6.

It can be seen from Figure 7 that the two groups of curves intersect at point B. If the
transformer ratio k; = 1.0 in the initial state of the system, the steady-state operation point
A is above point B, as shown in Figure 7a. At this time, the transformer ratio needs to be
increased due to the decrease of load voltage, and the ratio is changed to k, = 1.1. Under
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the condition of constant load power, the new steady-state operation point intersects the
new P-V curve at point C. The Figure 7a shows that point C can be known to be in the
upper half of the new P-V curve, and the system can work stably, so as to realize the load
voltage rise regulation.

1.2 T

Voltage V,

Active Power P,

Figure 6. Positive voltage regulating effect of OLTC transformer. Point B is the intersection of the two

09fF T

o
%

Voltage V,
=3
>

e
Q9

0.65 -

0.6

0.55 |

P-V curves.
) q 0.9
i ¢ k T
~ =11 T k=1.1
0.5 T~ : / 1 085 \\ /
\ | \
| 1 0.8
I
/4 | \ o, . / V\ D,
k=1 | 1 © 075 k=1 c
\l s \
A’: \ | S o Yl A
| Y- /'}A/
) B / |
: “‘\ D 06 ) !J“\ D
i
y I/ |
/ / 0.6 y /
Y
/ 055 | //
0.75 0.8 0.9 0.95 1 1.05 1.1 1.15 1.2 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

Active Power P,

Active Power P,

(a) (b)

Figure 7. Deviation effect of critical operating point of OLTC transformer. (a) Positive adjustment;
(b) Negative adjustment. Point A is initial operating point. Point B is the intersection of two P-V
curves. Point C is operating point after OLTC action.

If the initial steady-state operation point t A is below the intersection point B, as shown
in Figure 7b. Similarly, when the tap switches is operated, the new intersection point C is
located in the lower half of the new P-V curve under the condition of constant load power.
It means the power system operates in the unstable zone, and even voltage instability
is’caused.

It can be seen that the critical stability point may be shifted when the tap switches
of the OLTC transformer is changed, and the intersection point B of the two P-V curves
becomes the new critical stability point.

If the intersection point B is below the critical point D1 of the original P-V curve, as
shown in Figure 6. In this case, the stability zone of the whole system increases when the
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transformer spline acts to regulate the voltage, and there is a “positive voltage regulating
effect”. On the contrary, the intersection point B of the two P-V curves is above the
critical point D1 of the original P-V curve, the static stability region of the system will be
reduced, as shown in Figure 7. In this case, the OLTC transformer will have “negative
adjustment effect”.

The intersection of the OLTC transformer before and after adjusting the ratio can
be solved by the analytical formula. By substituting k; and k; into Equation (13), and
considering simplified calculation, assuming that the resistance of line R = 0 and the power
factor cos§ = 1.0, the intersection expression of the OLTC transformer can be obtained
as follows:

(kikoX)? — X3
(k2 4+ K3)X +2X7]X

VQB\/klvlz — VZZB
Pp = (17)

k32X + X

Vap =W (16)

where V,p and P,p are the voltage and active power value corresponding to the intersection
point, which can also be called the deviation critical point. According to Equation (16),
when k1kp, X > Xr is satisfied, the deviation critical point exists. From the above equations,
the influence of parameters such as voltage regulation ratio and line impedance on the
deviation critical point has been concluded [23-25], which can be summarized as follows:

1.  The larger the value between voltage regulating tap, in other words, the larger the
difference between k; and kj, the bigger the deviation of negative adjustment effect
above the critical voltage stability point. It means the voltage stability zone of the
power system become smaller, and the system is to generate voltage instability easily
in the process of voltage regulating.

2. The greater the capacity, the greater the influence of the switch adjustment on the
voltage stability. Thus the “negative adjustment effect” is less likely to occur in the
small capacity on-load voltage regulation.

3. Under the condition of short-distance transmission, the process of voltage regulating
can make the intersection point of P-V curve under the static critical point, and
increase the static stable zone. Even if the operating point falls below the critical
voltage stable point, it can still be restored to the stable state if the variable ratio can
be adjusted quickly.

According to Equations (15) and (16), the stable critical point of “negative voltage
regulation effect” offset is related to the grid voltage V1 and the load power factor angle
6. Meanwhile the stable operating zone of the system can be changed by adjusting the
power factor or the grid voltage V1 under the condition that the line impedance parameter
is unchanged.

5. Study on the Voltage Stability of Flexible OLVR Transformer
5.1. Voltage Stability Model of Flexible OLVR Transformer Based on Controllable Voltage
Source Equivalent
From the above description, it can be seen that the Flexible OLVR transformer can realize
the continuous adjustment of load voltage through step and step-less voltage regulating.
Step voltage regulation is equivalent to adjusting the transformer ratio k, and step-
less voltage regulation is equivalent to adjusting the amplitude and phase angle of the
equivalent voltage vector at primary side of transformer. The Equivalent circuit and phasor
diagram is shown in Figure 8.
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P, + jQ,
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Figure 8. Equivalent circuit and phasor diagram of power system with Flexible OLVR transformer.
(a) The equivalent circuit of power system with Flexible OLVR transformer; (b) The phasor diagram
of power system with Flexible OLVR transformer.
L]

In the Figure 8b, Ei is the grid voltage vector. VC is the compensahon voltage vector. Vl
is the grid voltage vector of Thevenin equivalent circuit. Vz is the load voltage vector. I L
is the load current vector. R and X are the equivalent resistance and reactance of the line,
respectively, and X is the equivalent impedance of the Flexible OLVR transformer. Angle

6 is the load impedance angle, and angle ¢ is the angle between the vector V; and the load
voltage vector V5.

By adjusting the output voltage of the PEC, the vector V; amplitude and phase angle
can be changed optionally. For example, assuming that the variation of the each tap in a
step voltage regulation is 10%, and per-unit value of load voltage is expected to be adjusted
form the 1.0 p.u. to 1.1 p.u. In this process of voltage regulation, the control instruction of

compensation voltage V. is raised in a ramp firstly. Considering that the phase angle of
V¢ is in phase with the grid voltage vector E, the amplitude of V. is increased gradually

from 0 p.u. to 0.1 p.u. Secondly, when the 1;1 voltage amplitude reaches 1.1 p.u., the output

voltage of the PEC is changed to zero. Then, by adjusting the transformer ratio k from 1 to

1.1, the load voltage can be continuously variable in the voltage regulation process.
Figure 9 shows P-V curves of the step-less voltage regulation process with Flexible

OLVR transformer, the different color lines represent P-V curves with V; voltage amplitudes
increasing at 0.1 p.u. It can be seen that with the gradual increase of V; value, the amplitude
of load voltage also gradually rises under the condition of constant load power. At the same
time, the stable critical point of the system is gradually shifted to the right, which means
the safe zone increases, and the active power that the system can transmit increases. As can
be seen from the Figure 9, when other parameters remain unchanged, the P-V curves under
different values of V; have no intersection point, that is, there is no stable critical point shift
problem, so the continuous voltage regulation process of power electronic devices will not
produce “negative adjustment effect”.

According to Equation (15), it can be seen that changing the angle 6 between the

L]

Thevenin equivalent voltage vector \;1 and the load voltage vector V, does not affect the
P-V curve, while changing the amplitude of V; can change the P-V curve. Therefore,
the Flexible OLVR transformer can continuously adjust the amplitude of V; in a certain
range, so as to realize the continuous and reliable step-less voltage regulating of the load
voltage amplitude, which is also an important significance of the application of the Flexible
OLVR transformer.
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Figure 9. P-V curve of step-less voltage regulation process with Flexible OLVR transformer.

Figure 9 shows the characteristics of the safe zone under the step-less voltage regula-
tion in the first step of voltage regulation process. The step voltage regulation requires the
tap switches action of the Flexible OLVR transformer, and the output voltage of the PEC is
zero to ensure that the kV; amplitude remains unchanged. The P-V curve corresponding
to the above two processes can be shown in Figure 10. It can be seen that the safe zone is
reduced due to the decrease of V1 amplitude. Although the transformer ratio k is increased,
the overall safe working zone of the system is reduced.
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Figure 10. P-V curve of step and step-less voltage regulation with Flexible OLVR transformer. Point
B is the intersection of two P-V curves.
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In Figure 10, the first move in the voltage regulating process of Flexible OLVR trans-
former is step-less voltage regulation, namely, k =1, V1 = 1.0 is gradually adjusted to k =1,
V1 =1.1, as shown in @) process. Thus, the second move rapidly drops fromk=1, V1 =1.1
tok=1.1, V1 = 1.0, as shown in 2) process.

In the traditional OLTC transformer, voltage regulation is performed by adjusting tap
switches, that means the voltage is regulated from the difference value of k=1, V1 =1.0
tok =1.1, V1 = 1.0. Thus, the intersection point B of the two P-V curves still exists, and
the deviation critical point will still be less than the stable critical point of the curve k=1,
V1 = 1.0, thus “negative adjustment effect” may occur.

However, in the voltage regulating process (2) of Flexible OLVR transformer, it make
the stability critical point of P-V curve contraction by tap switches action, however there is
no curve intersection. Meanwhile, under the condition of load active power unchanged,
compared with the traditional voltage regulation of OLTC transformer, even if the voltage
stability zone is reduced in the process @ of step regulation, there still is no “negative
adjustment effect”. On the contrary, the voltage stable zone of the system can be greatly
increased by changing the amplitude of V1 by step-less voltage regulation.

Flexible OLVR transformer not only can realize the flexible control of load voltage
by series converter of PEC, also can use parallel converter to provide reactive power
compensation. The reactive power compensation also can improve system voltage stability
operation zone, which could reduce another reactive power compensation device capacity
in the power system, even does not need additional reactive power compensation device.

Figure 11 shows the P-V curves under different power factors. Increasing the capacitive
reactive power can also effectively increase the safe operation zone of the system and further
reflect the advantages of the Flexible OLVR transformer in voltage stability.
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e
o
T
1

Voltage V,
o
(@)}

0.4 .

O | 1
0 0.5 1 1.5

Active Power P,

Figure 11. The P-V curves under different power factors.
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5.2. Voltage Stability Model of Flexible OLVR Transformer Based on Controllable
Impedance Equivalent

In the above paper, the PEC of the Flexible OLVR transformer is regarded as a control-
lable voltage source to be brought into the power system for an equivalent circuit. Then the
voltage stability is analyzed based on this model.

The voltage stability model above is derived based on the Thevenin equivalent voltage

V1. In other words, the grid voltage vector E is in phase with the Thevenin equivalent

voltage vector V. However, when PEC of Flexible OLVR transformer only operates
as a phase shift voltage source. If the voltage stability problem of the system is still
analyzed according to the above model, Equation (13) does not reflect the above phase
angle relationship, so that the above model is not quite suitable to explain the situation.
Therefore, the PEC is treated as a controlled impedance for analysis in the following.
The controllable impedance is equivalently obtained by orienting the output voltage vector

VC of the PEC based on the direction of the load current vector 12 Figure 12 shows the
equivalent circuit and phasor diagram of Flexible OLVR transformer based on controllable
impedance equivalent.

| |
| KR+ KX K2R, + jI KX,
o+—F— ' ] 0
i T I .
L___PEC___ || KR+ K(X+X;) ) ;
. kZR;|L+j|Lk2x5",-' .
kE 0 kV17 i) ineex,
P2+jQz ] . >
) Vo KPR 1L
O ') I

Figure 12. Equivalent circuit and phasor diagram of Flexible OLVR transformer based on controllable
impedance equivalent.

(]
It can be known that the quotient value of the compensation voltage vector V; and the

L]
load current vector I, in the same direction is the resistance value R. of the controllable
impedance, and the quantity orthogonal to the direction of the load current vector is the
inductance value X, of the controllable impedance, The equation is as follows:

. kV, kV.
Z. =R, +]Xc _ cd +j cq (18)
I I
According to Equation (15), the above model can be summarized as,
V3 + VZ [2(@R'P, + K*X'Py tan6) — (kE)’] + 2 (P} + P} tan?0) = 0 (19)

where Z' = R’ + jX/ = k*(Rs + R) + jk*(Xs + X¢)-
As can be seen from the Equation (18), when the phase angle of the output voltage

vector V; of the PEC changes, the impedance angle of the equivalent impedance can be
considered to change. According to Equation (19), the load P-V curve of the system is
related to the value of equivalent impedance Z.
The characteristic equation in Equation (19) is,
A = [2(RsP; 4 XsPy tan 0) +2(R P, + X Py tan 6) — E2]?

20
—4[Z% 4+ Re(Rc + 2Rs) + Xc(Xe +2X,)] (P + P3 tan” 0) (20)

If the description of the above two voltage stability models can be equivalent, that
means the equivalent impedance Z. should have a real solution, which make the PEC
before and after compensated and the P-V curve of power system be the same.
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It can be obtained by comparing Equations (10) and (20):

R.P 4+ X Py tanf =0

21
Re(2R; + Re) + Xe(2X, + Xo)= 0 @b
The above formulaic simplification can be obtained:
R, = —X tan 6 (22)

X [Xc(1+tan?0) +2(Xs — Ry tan )] = 0

According to Equation (22), it can be seen that there are two real solutions. Therefore, it
can be known that there is at least one set of controllable impedance values, which can make
the P-V curve of the load in the system unchanged after compensation. It is also proved
that the two voltage stability models with Flexible OLVR transformers are equivalent.

6. Simulation Results

In this paper, the Flexible OLVR simulation is built in Psim software. The Flexible
OLVR is a 10 kV/0.4 kV three-phase step-down transformer. The tap windings have
8 windings with 5% voltage regulation step. The voltage-regulating range is achieved
£20% by series connection with the main winding. The PEC is connected to the primary
side of the transformer in series through an isolation transformer, and the simulation time is
set to 1 s. The OLTC Switch consisting of thyristor triggers [26] at the current zero-crossing
point, and the PEC also joins up at the same time.

When the grid voltage sags begin, that is, 0.99 p.u falls to 0.9 p.u, if only the tap
winding of Flexible OLVR is changed. Meanwhile the tap switches are changed at 0.56 s,
that make the primary winding is changed from 100% to 95%, and the process of the change
of the primary voltage and the secondary side load voltage is shown in Figure 13.

10k H\fﬂjﬁr\ {\ T{“ CTTNEHSQTE 4“"\ ﬂpzcwiagg;;
A /\ M /\ W‘ w J\ (‘\ (‘\ H }‘\ M‘ /| 3“\ /|
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sk {w H J"T"'T'4“"“"'('["'\&"}""["'T'}“"{ ‘\----“—-"- \4&[% 1‘ \‘
o Lt L R TR R
Il LJJ I \UJ LU K;L I | \j e kh] . vy
=
Eﬂ 0
04 03 Time(s) 06 07

Figure 13. Voltage waveforms during voltage regulation with OLTC Switch.
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On the other way, when the voltage of the grid sags at 0.56 s, the Flexible OLVR Trans
former changes tap switches, and at the same time the PEC begin operating, and makes the
output voltage of PEC in phase with the primary voltage. Figure 14 shows the variation
of primary voltage, the secondary side load voltage and compensation voltage of PEC in
Flexible OLVR transformer.

Grid Volage T, PEC Voltage 17

15k

Voltage(V)

Voltage(V)

S

=400

.................................................................................

'

...............................................

Voltage(V)

.
! '

B 1 I R e T
1

Time(s)
Figure 14. Voltage Waveforms during voltage regulation with Flexible OLVR.

The simulation verifies the feasibility of combining the traditional OLTC transformer
with the PEC. Connecting the output of the PEC to the primary side circuit can carry out a
certain range of voltage compensation after the traditional step voltage regulation, and also
make the voltage regulation process more flexible and accurate.

7. Experiment Results

The proposed Flexible OLVR was established in our laboratory according to the
topology shown in Figure 1, and a scaled-down test system was constructed to verify the
effectiveness of the proposed Flexible OLVR. The parameters of the test circuit are listed in
Table 2.
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Table 2. Major parameters of experiment circuit.

Parameters Parameters Value
Primary Voltage Ug 1kV
Secondary Voltage ur, 0.4kV
Rated transformer ratio ko 04
Step Voltage Regulation tap Ly 5%
Deviation Scale Factor U 80-120%
Maximum output voltage of PEC Ue 100V
Switching Frequency frwm 10 kHz
Load parameter Zioad 10 )+ 10 mH

Figure 15 shows the waveform diagram of transient step-less voltage regulation with
flexible OLVR. When the grid voltage falls from 1 p.u. to 0.85 p.u., the PEC of the Flexible
OLVR transformer outputs the in-phase compensation voltage, which compensates the
voltage at the primary side of the transformer to the rated voltage value, thus realizing
step-less voltage regulation.

Primary Voltage iy, PEC Voltage u,

i A & A N

Voltage(0.5kV/div)

Grid Voltage i

Time(20ms/div)
Figure 15. Waveform diagram of step-less voltage regulation with Flexible OLVR.

8. Conclusions

This paper presents a Flexible OLVR transformer topology based on PEC. Due to the
application of power electronic converter, the new OLVR transformer has the function of
flexible regulation of output load voltage.

Through coordination with tap switches, the converter could only modulate small
part of the rating voltage to realize step-less voltage regulation. Compared with traditional
OLTC transformer, it is more accurate in voltage regulation, and it is lower in cost and
higher in efficiency than power electronic converter. The simulation and experiment results
show that the Flexible OLVR transformer model proposed in this paper can achieve accurate
step-less voltage regulation.

The paper presents two voltage stability equivalent model of distribution network with
Flexible OLVR transformer and analyzes the critical operating point. It is also proved that
the two models with Flexible OLVR transformers are equivalent by calculation. Through
the step-less voltage regulation control of the Flexible OLVR transformer, the negative
voltage regulation effect of the transformer in on-load voltage regulation is avoided, and
the voltage stability of the distribution network is improved.
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Nomenclature
Symbol and Constant
Lo Main Winding of the OLVR Transformers
Lo Power winding at the primary side of the OLVR transformer
Ly Regulating tap windings of the OLVR transformer
Ky On-Load Tap-Chargers of Flexible OLVR
Ly Filter inductor of parallel converter of PEC
Ly Filter inductor of series converter of PEC
Co Filter capacitor of series converter of PEC
Cpc DC bus capacitor of PEC
Ty Isolation transformer of PEC
Variable and Function
Ug Voltage of the power grid
Ugpi Voltage at the primary side of the OLVR transformer
Uc Compensation voltage of the PEC
uy, Load voltage at the secondary side of the OLVR transformer
K OLVR transformation ratio
E Grid voltage vector
1;1 Grid voltage vector of Thevenin equivalent
\;2 Load voltage vector
I.z Load current vector
\;C Compensation voltage vector
Sy Apparent power of the load
Py Load active power
Qs Load reactive power
Zs Equivalent impedance of the transmission line
Rs Equivalent resistance of the transmission line
X Equivalent reactance of the transmission line
Xr Equivalent reactance of the transformer
Vi Grid voltage amplitude
Vs Load voltage amplitude
1 Angle between the vector 1;1 and the load voltage vector \;2
Q] Power factor angle of the resistive-inductive load
Zc Complex equivalent controllable impedance of PEC
Rc Active equivalent controllable impedance of PEC
Xc Reactive equivalent controllable impedance of PEC
OLTC On-Load Tap-Charger
OLVR On-Load Voltage Regulation
PEC Power Electronic Converter
VsC Voltage Source Converter
IGBT Insulated Gate Bipolar Transistors
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