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Abstract: The application of on-load tap-charger (OLTC) transformer technology has become the
most direct and effective way to solve the voltage fluctuation of power grid. With the development
of active distribution technology, the research focus of on-load voltage regulation technology has
gradually turned to the development direction of arc free, fast and intelligent. This paper presents a
flexible on-load voltage regulation topology based on power electronic technology. The flexible on-
load voltage regulation (flexible OLVR) transformer is a combination of power electronic technology
and traditional on-load tap-charger transformer, which can realize fast arcless switching, voltage
step-less regulation, power regulation and other functions. In this paper, a new type of flexible
on-load voltage regulation transformer is proposed. The OLTC switches of the device adopts the
power electronic switch of anti-parallel thyristors, which can realize step, fast and arcless voltage
regulation; the power electronic converter (PEC) module is connected to the primary side of the main
transformer. At the same time, it proposed a new reactive power compensation control strategy,
which could realize the functions of step-less voltage regulation and reactive power compensation.
In the end, the rationality and validity of the proposed topology is tested and verified by simulations
and experimental tests.

Keywords: on-load tap-charger; transformer complex control; power quality; reactive power
compensation

1. Introduction

(a) Motivation and Background

With the vigorous development of new power systems, a large number of different
renewable energies, such as wind power and photovoltaic power generation, are connected
to the grid, and fluctuating load is also increasing. With the increasing penetration of highly
variable renewable production in active distribution systems, the resource scheduling and
voltage control problem is increasingly becoming dynamic in nature.

As an important piece of equipment to regulate voltage and maintain voltage stability
in power grids, the traditional on-load tap-charger (OLTC) transformer has put forward
higher and higher requirements for its voltage regulation ability [1-3]. The existing OLTC
transformer can only regulate voltage according to a certain step but cannot achieve step-
less voltage regulation [4,5]. At the same time, an OLTC transformer cannot be adjusted
reactive power, so reactive power compensation devices should be configured to solve the
problem of reactive power deficiency [6-8]. All solid state power electronic transformers or
power electronic hybrid transformers can achieve the above functions, but they need high
power adjustment ability and this is expensive [9-11]. Therefore, it is still necessary to find
a low-cost transformer structure, which can achieve precise voltage regulation and flexible
reactive power compensation at the same time.

(b) Relevant Literature
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Traditional OLTC adopts a mechanical switch to cut tap winding, but mechanical
switches have some disadvantages, such as complex structure, slow switching speed and
electric arcs. With the development of a semiconductor switch, the semiconductor and
mechanical hybrid OLTC transformer could realize the arc-less switching function, but
this structure is still complex [12]. An all-semiconductor switch structure is expensive and
has insufficient capacity in surge currents to withstand [13]. The OLTC transformer could
only achieve rough load voltage regulation; it needs to cooperate with other reactive power
management equipment for accurate voltage regulation [14-16]. There is a technique con-
sisting of the coordinated action of an OLTC transformer and hybrid power compensation
by unified power flow controller (UPFC) for the voltage regulation of medium voltage
distribution grid with distributed generation units [17].

Solid state transformers (SST), also known as power electronic transformers, can
achieve a full range control of output voltage and current and ensure flexible power
regulation. However, due to the significant increase in cost and low conversion efficiency,
it is too limited to be widely used in the grid [18].

Considering the cost and reliability, the hybrid transformer, which combines power
electronic converter (PEC) and power transformer, has been widely concerned by scholars.
The PEC can be installed at the primary side, secondary side and both sides of the main
transformer, which is connected with the main circuit through direct connection or magnetic
coupling [19]. There are various types of PEC. For example, the matrix converter can
implement voltage compensation and power flow control by applying control strategy to
nine switches [20]. For the circuit with an active load, a matrix chopper can also be used [21].
Applying SST structure to power electronic modules can also realize fast voltage and
current regulation [22]. The back-to-back converter structure is adopted, which has a simple
structure and mature control, and it is one of the topologies with development potential [23].
Although the above hybrid transformer could achieve precise voltage regulation and
flexible power control, it should be equipped with the corresponding capacity of the power
electronic converter in order to achieve the larger capacity of the regulation.

In this paper, the power electronic converter (PEC) and the traditional OLTC trans-
former are integrated to form a new type of flexible on-load voltage regulating (flexible
OLVR) device, which has the advantages of both the SST and the OLTC transformer. It
integrates the PEC with the traditional OLTC transformer winding points and can realize
step-less voltage regulation and reactive power compensation by a small capacity power
electronic converter. The new type of flexible OLVR is a kind of low cost equipment in
distribution grid; it can significantly improve the given ability of the power grid in renew-
able energy, and it has broad application prospects. At the same time, it proposed a new
complex control strategy, which could realize the functions of precise voltage regulation
and reactive power compensation of the flexible OLVR device.

(c) Contributions and Organization

The main contributions of this paper include a new flexible OLVR, combining a power
electronic converter and an advanced transformer, which combines the reliability of the
OLTC transformer with the flexibility and controllability of power electronics. A novel
min-voltage vector complex control strategy of the flexible OLVR is proposed for voltage
regulation and reactive power compensation, which could extend the reactive power
compensation range.

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, the flexible on-
load voltage regulating (flexible OLVR) device combines the advantages of both the SST
and the OLTC transformer. It integrate a small capacity PEC with the traditional OLTC
transformer winding points, which could realize step-less voltage regulation and reactive
power compensation, while at the same time still having the advantages of low cost, small
loss and good dynamic response.
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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 High Complex Fast High Full Capacity
Flexible OLVR Step-less Medium Medium Medium Medium Part of Capacity

Section 2 presents topology scheme of the flexible OLVR. Section 3 shows the principle
of voltage step-less regulation of the flexible OLVR. A new reactive power compensation
control strategy is proposed in Section 4, which could realize voltage step-less regulation
and reactive power compensation simultaneously by PEC. The rationality and validity
of the proposed topology is tested and verified by simulations and experimental tests in
Sections 5 and 6. The conclusions are drawn in Section 7.

2. Structure of Flexible On-Load Voltage Regulator
2.1. Topology Scheme of Flexible OLVR

Figure 1 shows the topology structure of the flexible OLVR transformer. The primary
side of the main transformer is delta connection, and the secondary side of the transformer
is star connection. However, the primary side winding can be divided into main winding,
tap windings and power winding. The power winding could be defined as a section of tap
winding of traditional OLTC transformer or a separate isolating winding.

Grid Main Winding Tap Winding Power Winding AIY Load

AC Line Voltage

Tap-Charger

AB Line Voltage |€ Power Electronic

Converters

Isolation
Transfromer|

Figure 1. Topology structure of flexible on-load voltage regulator.

Through the back-to-back H-bridge topology, the PEC can get the power by power
winding and by parallel grid-connected converter, also known as the voltage source con-
verter, (VSC) at the rectifier side. The series grid-connected converter of PEC, which is
called a voltage source converter (VSC), of the inverter side connected to the main circuit at
the primary side in the series through the isolation transformer. By controlling the output
voltage of the series grid-connected converter, the primary side voltage can be accurately
adjusted, so as to ensure the stability of the secondary side load voltage. Generally speaking,
the operating voltage of the PEC is only equal to the part of the rated voltage of the flexible
OLVR transformer, which should be set at one step voltage of the OLTC transformer. 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 potential of the PEC is at
the primary side, the isolation voltage level of power winding and the output isolation
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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 and cost of the flexible OLVR
increases little.

2.2. Main Circuit Structure

Figure 1 shows a 10 kV /0.4 kV three-phase step-down flexible OLVR transformer,
which adopts A/Y Connection mode. It can be seen from the figure that both the PEC
and the OLTC switches mentioned in this paper are connected to the primary side of the
transformer. Since the structures in the three-phase lines are identical, the single-phase
equivalent schematic diagram of the flexible OLVR can be shown in Figure 2.
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Figure 2. Single phase schematic diagram of flexible on-load voltage regulator.

In Figure 2, the primary side winding is divided into three parts: main winding,
tap winding and power winding. Take the AC line voltage as an example, L is its main
winding. Lpg is the power winding at the primary side. L;~Lg are the voltage regulating
tap windings of the main transformer; those windings are, respectively, connected with the
OLTC switches. K;~Kg are nine tap switches, and the initial step voltage regulation of the
secondary load voltage can be realized by the changing of multiple states in OLTC switches.

Figure 3 is the structure diagram of PEC module. The PEC adopts single-phase
voltage source converter (VSC) and back-to-back topology. The semiconductor switches
in the converter are insulated gate bipolar transistors (IGBTs). However, the rectifier side
converter gets power through the filter inductor L; to provide energy for the DC bus
capacitor Cpc. The capacitor can provide power support for the VSC of the 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 VSC at
inverter side 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. Because
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.
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Figure 3. Schematic diagram of power electronic converter module.

3. Principle of Voltage Regulation

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

Figure 4 shows the voltage phasor diagram of the flexible OLVR, u, 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 the load voltage converted into the
primary side. k is the transformation ratio. u, is the compensation voltage output by the
PEC, #1¢-max is the maximum voltage compensation value of the converter, and the dotted
circle is the compensation range of the PEC.

Ug Uc Us Uc

(@)

koUL

(©

Figure 4. Voltage phasor diagram 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 4a,b, when the compensation voltage, 1, is in phase with
the grid voltage, us, the grid voltage can be directly compensated, the winding voltage, Upr,
at the primary side can be controlled within the controllable range, and then the transformer
ratio, k, can be controlled through the OLTC switches, so that the load voltage is stable
and controllable, and the step-less adjustment function is realized. Figure 4c 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 [11]. Compared with
the traditional transformer, it has the voltage regulation function of a higher precision
and wider range. At the same time, it also has a more intelligent processing method for
complex situations.
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3.1. Control of OLTC Switches

The OLTC Switches composed of semiconductor and mechanical devices are uniformly
controlled by the control center, and it could realize the insertion and removal of the tap
windings. Its principle is that when one switch has not completely left from one tap,
the semiconductor transition circuit is connected to ensure that the transformer does not
lose power. When the other switch contact reaches another tap, the transition circuit is
disconnected and the adjustment is completed. Thus the OLTC switches can realize the
step voltage regulation of the main transformer.

3.2. Control of VSC at Rectifier Side

The VSC of the rectifier side is composed of a single-phase full bridge converter. The
main purpose of the converter is to keep the DC side voltage constant for making the stable
transmission of power on both sides of PEC. Meanwhile, the output of reactive power
does not need to consume DC side energy. Therefore, the VSC at the rectifier side adopts
constant DC voltage and reactive power control [23].

The VSC-R double closed-loop control structure is shown in Figure 5. The outer loop
is a DC bus voltage closed loop, and the output instruction of the outer loop is the reference
value of the internal loop of the compensation current, i.. Then, the internal loop control of
the VSC-R can be achieved through the proportional-resonant (PR) controller.

Upo

Uvsc
Kpwm 1/Ls

Figure 5. Closed Loop Control Block Diagram of VSC at Rectifier Side.

3.3. Control of VSC at Inverter Side

The VSC of the inverting side topology is also composed of a single-phase full-bridge
inverter. The output of the VSC-1 is filtered by Lc and isolated by transformer T, then
connected to the main circuit on the primary side of the transformer. The single-phase
inverter is controlled by unipolar SPWM with a switch frequency of 10 kHz.

Double closed loop control strategy is adopted in the VSC-I. Inductance current is the
sum of load current and capacitance current, which can reflect the dynamic characteristics
of the system to a certain extent. Therefore, inductance current is selected as the sampling
value of the internal loop and output voltage as the sampling value of the outer loop. The
output voltage is compared with the voltage reference value through negative feedback,
and the error value is treated by the PR controller. The PR controller output serves as a
reference value for the internal loop, which is compared with the inductance current of the
feedback. The error is treated by the P controller as the modulation signal. SPWM signal is
generated after comparison with triangular carrier [24].

4. Reactive Power Compensation Control Strategy of Flexible OLVR

Due to the existence of PEC, the flexible OLVR in this paper can not only realize the
accurate voltage regulation but also realize the reactive power compensation in order to
improve the power factor at the network side. If there is no voltage deviation, according
to the actual characteristics of the load, the flexible OLVR can output the corresponding
compensation voltage vector, u., for improving the power factor; if voltage deviation
occurs, flexible OLVR can solve the problems of power factor and voltage deviation at the
same time.

The most basic function of the flexible OLVR transformer is to realize the accurate
voltage regulation, that is, the load voltage at the secondary side |u; | is stable. Therefore,
the functional priorities given by the composite control strategy are as follows:

1. Ensure the secondary side load voltage |u; | stably;
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2. Compensate the reactive power of the load so that the power factor at the grid side
is in unity.

In case of voltage distortion in the system, voltage waveform (e.g., “clipped cosine”)
could essentially be understood as the addition of some harmonics to the voltage funda-
mental wave [25-28]. The high harmonic voltage is the root cause of voltage distortion.
Therefore, in the case of the occurrence of voltage distortion, the reactive power of the
system includes not only the fundamental reactive power but also the harmonic reactive
power generated by the existence of harmonic voltage and current.

The key to effective reactive power control under the condition of voltage fluctuation
and voltage distortion is how to effectively minimize the harmonic reactive power. The
PEC module could be considered as a series active power filter. Therefore, if the switching
frequency of the PEC is high enough, it can be capable of compensating the voltage of
higher harmonics. That means that the topology can realize the compensation of voltage
distortion to a certain extent. Therefore, the proposed method can allow for effective
reactive power control by controlling the fundamental and harmonic voltages of the power
electronic converters.

In this paper, the instantaneous power theory is used to define the active and reactive
components of the system. In this definition, three phase voltage and current are converted
into two phases orthogonal to each other by Clarke transform, and then the instantaneous
reactive power is obtained through the two phase voltage and current. At the same time, it
is also easy to separate the fundamental and harmonic components under the condition of
voltage distortion by using the Parker transform, which is oriented by the fundamental
voltage vector. Therefore, under the above definition, the compensation of harmonic
reactive power and fundamental reactive power of the system can be realized.

The flexible OLVR transformer proposed in this paper can be understood as a power
transformer in essence, and its application is to improve the on-load voltage regulating
function, compared with the traditional OLTC transformer. On the other hand, it can realize
the basic regulation function of solid state transformer at a relatively low cost. Meanwhile,
the reactive power compensation strategy proposed in this paper is mainly to solve the
fundamental reactive power problem in the system and does not pay attention to harmonic
reactive power compensation.

To sum up, if the switching frequency of the PEC is high enough, the device can allow
for effective reactive power control under the premise that the flexible OLVR transformer
topology can realize voltage distortion compensation. However, it requires better dynamic
performance of power electronic converters, so the cost will increase further.

4.1. Principle of Series Reactive Power Compensation for PEC

Before the principle of series reactive power compensation is analyzed, the grid voltage,
us, is assumed without deviation; that means grid voltage, us, is equal to the rated voltage,
ug, at the primary side of flexible OLVR, and assuming that the load is a resistive-inductive
load, its impedance angle is 6.

Since the new flexible OLVR has a voltage regulating transformer TRj, in order to fa-
cilitate calculation and description, the voltage and current on both sides of the transformer
in the flexible OLVR are converted to the secondary side, then:

ul = kug;ul. = kuc;il = is/k (1)

where k is the rated transformation ratio of the flexible OLVR transformer, k < 1; u; is the
grid voltage converted to the secondary side; u,. is the compensation voltage converted to
secondary side, i, is the grid current converted to secondary side.

Figure 6 shows the schematic diagram of the voltage vector at the secondary side
with reactive power compensation by the flexible OLVR. u in Figure 7 is the grid voltage
converted to the secondary side; #, is the compensation voltage converted to the secondary
side; u; is the load voltage after compensation; iy, is the initial load current; and before
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compensation, the power factor angle at the grid side is 6. Z¢ is power compensated angle
in series for the flexible OLVR transformer.

Figure 7. Double closed loop control block diagram of VSC at inverter side.

As shown in Figure 7, if the flexible OLVR can realize unity power factor compensation,
it can be accepted that the load current, i}, and grid voltage, u}, are in phase. It means
the compensated PF angle, ¢, is equal to the impedance angle, . Meanwhile, the load
voltage amplitude is equal before and after compensation, and, therefore, |u| = |ur| can be
obtained by trigonometric formula:

Lo = /0 @)
/ .0
|| :2|uL|s1n§ 3)
o 0
4B =90°+ 5 4)

It can be seen from Figure 7 that the flexible OLVR in series compensates reactive power
by essentially changing the load voltage angle. The above compensation method not only
compensates reactive power but also absorbs active power from the power grid. The series
compensation active and reactive power of the flexible OLVR transformer are, respectively:

P = —ulcos(mt — B) x i, = —kouccos(m — B) x is/ko
= Uccos B X is 5)
Q =ulsin(rt — B) x il = koucsin(t — B) x is/ko

= Ucsinf X is

4.2. Complex Control of Flexible OLVR without OLTC Switches Operation

When the grid voltage, 1, has voltage deviation with the rated voltage, the flexible
OLVR can solve the problems of power factor and voltage deviation through the series
compensation control of PEC.

Assuming the amplitude of grid voltage, |us|, and rated voltage, |ug|, deviation scale
factor is y, thereby:

|us| = kolus| = kop|uo| = pfur| (6)

where kj is the rated transformation ratio of flexible OLVR.
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Figure 6 is a schematic diagram of the composite control vector at secondary side. It is
assumed that the grid voltage, us, has voltage deviation, and the transformer transformation
ratio, ko, is unchanged. If the flexible OLVR could realize unity power factor compensation,
it can be accepted that the compensated power factor angle, ¢, is equal to impedance
angle, 6.

At this time, the output compensation voltage, #’,, can be calculated, and according to
the triangle cosine theorem is

2 2 2
lug|™ = Jup | + |uf|” — 2|ug ||ug| cos 6 7)
Bring in Formulas (1) and (6) to get

|k0uc|§ — |uL|§ + |koyu§)|2 — 2|uy | |koptg| cos 6
|kouc|2 = |”L|2 + [pur|” = 2[ur|||pur|| cos @ 8
|kote|” = |ur| (1+y2—2ycos9)

Due to |kouc|> 0, rooting on both sides

1+ u2 —2pcosd
|uc|=|uL\/< b~ 2icosh) o)
0

At this time, the output angle § bringing in Formulas (1) and (6):

no

|up | sin6 si
cosf —

|up | sin6

ZB = arctan = arctan = arctan

—_— = 10
|ug| cos 6 — |ul] |ug| cos 6 — |puy | (10)

It can be seen from the above formula, if the deviation scale factor, i, and transformer
transformation ratio, kg, are unchanged, the compensation voltage, u,, of the flexible OLVR
can be obtained through the calculation of Formulas (9) and (10), so as to realize the function
of solving problems of power factor and voltage deviation.

4.3. Complex Control of Flexible OLVR with OLTC Switches Operation

Considering the transformer transformation ratio, k, we know:
k= (1+ xa)kg (11)

8:5:(1j:n><zx) (12)
ko
In the above formula, n is the number of tap windings, « is ratio range of each
tap winding. From the above Formula (13), ¢ is the tap-charger factor, which is discrete
and has a value range ¢ € [e,in, €max]. For example, suppose that each tap winding
adjustable ratio range is 2.5% and there are four taps in total, then & value range of is:
g€ [(1-25%x4),(14+25% x 4)] = [90%,110%].
Figure 8 shows the schematic diagram of the composite control vector at secondary
side with the transformer ratio k changes. Compared with the voltage vector in Figure 9,
the voltage vector in Figure 8 shows that because the impedance load remains unchanged,
the compensated load voltage and load current remain unchanged. However, as the
transformation ratio k becomes larger, the grid voltage, ., and compensation voltage, u..,
of flexible OLVR both enlarged & Times.
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Figure 8. Schematic diagram of composite control vector at secondary side.

Figure 9. Schematic diagram of composite control vector at secondary side.

According to the vector diagram shown in Figure 8, the series compensation voltage,

1., can be obtained.
kie* = |up)® + |kus|* — 2|ur | |kus| cos 0 (13)

Multiply by k3 both sides, and bring in (1) and (6) to get
[kokuee|* = [koup |* + [kokus|* — 2[kou |[kokus| cos 8
= |k()1/tL|2+ |k0k"l/luo|2 *ZleMLHkok]/ludCOSQ (14)
= |ur|*[K3 + (kp)* — 2kkop cos 0]

Then, divide by (kk)? on both sides and bring it into Formula (12) to obtain

2 217k 2 0
f? = s PLC)” + ()7 = 212

15)
_ 210 1 #\2  2pucosd (
= |ul [(80) + ko) k2 ]
Due to |uc| > 0, rooting on both sides
k 2 2 2 6
Juel = ur*[( (%) |
2 0
|uL|\/ )+ () - et (16)

— Juoly/[(2) + ()2 — 2cesd]
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At this time, the output angle § brings in Formulas (1), (6) and (12):

sin 6
/B = arctan—— 17
B = arc an_—— —en (17)
Comparing Formulas (16) and (17) with Formulas (9) and (10), it can be seen that
the amplitude and angle of i} remain unchanged. However, the output voltage vector,
|uc|, of the PEC can be reduced with the increase in the transformation ratio, k, thereby
equivalently increasing the compensation range of the flexible OLVR.

4.4. Min-Voltage Vector Control Strategy of Flexible OLVR

As can be seen from the above, when the transformer ratio k of the flexible OLVR is
adjustable, we can control the transformer ratio, k, of the flexible OLVR and the compensa-
tion voltage angle, B, so as to minimize the output voltage, u., of the PEC, so as to achieve
a larger range of reactive power compensation of the flexible OLVR.

Figure 8, as an example, when the compensate voltage, ul,, and the load voltage, ur,
are at 90 degrees, that is, when the phase angle § = 90° + 6, according to the triangle sine
theorem, the amplitude of compensate voltage ., is the smallest. Therefore, the minimum
vector control strategy of the flexible OLVR is calculated as follows:

Step 1: Calculate the optimal value of the transformer ratio, k;, of the flexible
OLVR transformer:

Suppose Angle B =90° + 6, according to the right triangle relation and Formula (1), then

|kits| cos 0 = |ug| cos = |up| (18)

Considering the voltage deviation amplitude, the coefficient, i, can be obtained by

substituting (6)
o wl o kour| ko (19)
|us|cos®  |kouug|cos®  pcos6
Bringing in Formula (12), then
1
== 20
¢ ucosf (20)

The tap-charger factor, ¢, calculated by the above formula is compared with the actual
tap coefficient value. At present, the optimal tap-charger factor of the flexible OLVR
el = (1+£n x a) = ¢, and the optimal transformer ratio k;, = e kg are obtained.

Step 2: calculate the series compensation voltage, u,, of the flexible OLVR:

By substituting the optimal tap-charger factor of the device, ¢; , into Formulas (16) and (17),
it can be obtained

1.2 21 cos
Je| = |Mo|\/[() p2 - 2 (21)
€L €L
sin 6
LB = arc’camicoS 6—cin (22)

It can be seen from the above formula that the flexible OLVR could adjust the trans-
former ratio, k, to the optimal value through the control of tap switch, so that the flexible
OLVR can maximize the output capacity of series compensated reactive power.

There is the block diagram of the flexible OLVR composite control strategy in Figure 10.
The device obtains the grid voltage us and impedance angle 6 by sampling and determine
the grid phase angle through phase locked loop for subsequent calculation. Next, the
tap-charger factor, ¢7, of the flexible OLVR could be obtained by Formulas (12) and (20);
then, bringing the above parameters into Formulas (21) and (22), the amplitude and phase
of the output voltage of the PEC can be obtained.
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Figure 10. Block diagram of flexible OLVR complex control strategy.

Finally, the composite compensation voltage reference signal of flexible OLVR is
obtained, u;, and then output voltage of the PEC through the closed-loop control module
and PWM generator realizes the complex control strategy.

4.5. Maximum Range of Reactive Power Compensation of Flexible OLVR

The complex control strategy of the flexible OLVR must ensure the stability of load
voltage firstly, and then carry out reactive power compensation with maximum capacity.

Assume that |#¢_max| is maximum voltage of PEC compensation, and scale factor A is
|ttc_max| and primary side rated voltage |ug| ratio, there are

|”é,max| = kluc_max| = kAoluo| = eAolur| (23)

When the flexible OLVR is able to maximize the ability for voltage stability and reactive
power compensation, the maximum voltage vector of the device series compensation,
|ttc_max|, and the system secondary side voltage vector diagram can be obtained, as shown
in Figure 11.

Figure 11. The secondary side voltage vector diagram with maximum reactive power compensation.

As can be seen from the Figure 11, the compensation voltage, u,, ,,,., the grid volt-
age vector, u, and the load voltage vector, uy, can form a triangle, that is, to meet the
following conditions:

‘uL| + ’uéfmax| > ’u;| > ‘ML| - |u£Jnax‘ (24)
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Substitute into Formulas (6) and (23), and obtain
lup| + eAolur| > eplur| > |up| — eAolur] (25)

Due to the |u| > 0, so

1 1

g-i-)tgzyzg—)\o (26)
In the design of the flexible OLVR, the tap switch range, € € [€,i, €max], and the scale

factor, Ay, of the output voltage of the PEC have been determined, so the maximum range
of voltage deviation that can be compensated by the flexible OLVR is:

+Ag = p > — Aon (27)

emin Emax
It can be seen from the above that when the deviation scale factor between the grid
voltage, us, and the rated voltage is within the range of Formula (27), the flexible OLVR can
accurately adjust the load voltage to the rated voltage; otherwise, the flexible OLVR will
not be able to achieve the basic function of rated load voltage compensation.
According to the voltage vector diagram in Figure 11, when the series compensation
voltage, u, .., of the device is perpendicular to the load voltage, ur, the flexible OLVR
can compensate the maximum power factor angle. According to the characteristics of

right triangles:
2 2
|ML|2 = ‘u;| - |ué_max| (28)
Substitute into Formulas (1), (6) and (23) to obtain
up |* = |epur |* — |eAour | (29)

Similarly, take off |ug|,
1\2
() = (1)? — (Ao)? (30)

Since € € [€in, €max), it could be substituted above, the value range of the deviation

scale factor can be obtained
——+M>y> + A3 (31)
Emin max

By comparing Formulas (27) and (31), since all parameters are bigger than zero, it can
be seen that there is a relationship:

1 1 1 1
FA >[5+ AG> 5 A2 (32)
Emin Enin Eimax Emax

As can be seen from Equation (32), on the premise that the flexible OLVR can achieve
accurate load voltage regulation, the maximum range of compensated reactive power
with the flexible OLVR can be analyzed in three ranges with different values of devia-

. . 1
tion scale factor y: The u € {\/ a2

! \/ Wlln +A2} ]/l e { v Smm + AO’ S +AO] and
pe |:€m11x Ao, \/ €2 a2t AZ}
Zone 1: It can be seen from the above description that when the deviation scale factor,

U, between the grid voltage, us, and the rated voltage is within the range of Formula (31),
the series compensation voltage, ], ., of the device is perpendicular to the load voltage,
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max min

ur. When the deviation scale factor u € {\/ szl + A2, \/ 821 + /\%} , flexible OLVR can

compensate the maximum power factor angle is:

~

" kA A
[e_mac| = arcsin ol = arcsin?0 (33)

g kplur |

Z@max = arcsin

According to (33), the flexible OLVR transformer when the grid voltage deviation scale

min

factor u € {\/ s% + A2, \/ 821 + A2|, the smaller the deviation coefficient, the greater the

maximum power factor angle, which the device could compensate.

Zone 2: When the deviation scale factor y € { 21 + /\% 14 Ao} , the series com-

. 4 Emin
pensating voltage, #, 4, Of flexible OLVR is on a longer perpendicular to the load voltage,
uy, and the transformation ratio is, €,,;,. According to the triangle cosine theorem, substi-
tute into Formulas (1), (6) and (23), the maximum phase angle that can be compensated by
the flexible OLVR is:

+ (Sminﬂ)z — (gmin/\O)z
Zsmin,u

1
ZQuax = arccos (34)

Zone 3: When the deviation scale factor u € { L Ao, 4/ e% + /\2} , the transforma-

Emax

tion ratio is €;4y. According to the triangle cosine theorem, substituting into Formulas (1),
(6) and (23), the maximum phase angle that can be compensated by the flexible OLVR is:

1+ <€muxl1)2 - (Smux/\O)z
2emax it

ZQuax = arccos (35)

According to the above analysis, by controlling the transformer ratio, k, and the series
output compensation voltage vector, u,, of the flexible OLVR, the maximum range of the
compensation reactive power with the flexible OLVR can be expressed in the following

formula with different values of the deviation scale factor, i, under the premise that the
flexible OLVR can achieve accurate load voltage regulation:

1 )2 — (Eminro)?
arccos “5"”"5‘2 : Sm’" 0) JUE ], /szl + A2, P L1 Ao
min W’i"l min

L Pmax = arcsin%,y € [\/ L+ A2, \/E% + A3 (36)

2
Emax min

1+(€,mx]1)2—(€max/\0)2 1 — L 2
arccos 2&maxp H = [Emax )\O, i + AO]

The load voltage can be operated at rated voltage, and the higher power factor control
can be realized on the primary side of the flexible OLVR.

5. Simulation Results
5.1. Simulation of Step-Less Voltage Regulation of Flexible OLVR

In this paper, the flexible OLVR simulation is built in Psim software. The flexible
OLVRis a 10 kV/0.4 kV three-phase step-down transformer. The tap windings have eight
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 1s. The OLTC switches consisting of thyristor triggers [29] 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 OLTC switches is changed at 0.56 s;
that means that 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 12.
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As can be seen from the figure, the traditional stepwise voltage regulation method can
realize the rough regulation of load voltage but cannot realize the accurate regulation of
load voltage.

o Grid Voltage V PEC Voltage V,

10k

Sk

Voltage(V)
(=]

-5k

—10k

v \

Primary Voltage V,,

400
- Load Voltage V,,

200

Voltage(V)
(=]

| |

—400

0.4 0.5 ) 0.6 0.7
Time(s)

Figure 12. Voltage waveforms during voltage regulation with OLTC switches.

On the other hand, when the voltage of the grid sags at 0.56 s, the flexible OLVR
changes OLTC switches, and at the same time puts in the PEC, and makes the output
of PEC in phase with the primary voltage. Figure 13 shows the variation of primary
voltage, the secondary side load voltage the and output voltage of PEC in the flexible OLVR
transformer. As can be seen from the figure, the flexible OLVR transformer can realize the
step-less regulation of load voltage by controlling the output voltage of the PEC.

Figure 14 shows waveform diagram of step-less voltage regulation of flexible OLVR
under different voltage fluctuation. In Figure 14, at the beginning, the grid voltage drops
gradually from 1.0 p.u. to 0.75 p.u., with a step of 0.125 p.u. After returning to 1.0 p.u. at
3.1s, the voltage swelled to 1.1 p.u. again. In the whole process, the flexible OLVR trans-
former can realize the step-less regulation of load voltage by adjusting transformer ratio and
regulating compensation voltage of PEC under different voltage fluctuation conditions.

The simulation verifies the feasibility of the flexible OLVR transformer. 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 it also makes the voltage
regulation process more flexible and accurate.
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Figure 13. Voltage waveforms during voltage regulation with flexible OLVR.
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5.2. Simulation of Reactive Power Compensation Control Strategy of Flexible OLVR

In this paper, the complex control strategy of flexible OLVR is simulated and analyzed
by PSIM software. Relevant parameters of the system are as follows: resistance-inductive
load is 1 () and 1.5 mH, power factor is cos 6 = (2,/5)/5; the voltage at primary side of the
flexible OLVR is 10 kV, and the voltage at secondary side is 400 V; step voltage regulation
tap of the flexible OLVR is 5% of rating voltage, and the maximum output voltage of PEC is
2 kV. Simulation-related parameters show the switching frequency as being fyum = 10 kHz
and the sampling time as being t; =1 x 107 s.

Figure 15 shows the simulation waveforms of the flexible OLVR. Figure 15a shows the
waveform of the flexible OLVR compensation voltage, the grid voltage and the primary
side voltage of the transformer. The flexible OLVR can compensate the voltage deviation
and reactive power simultaneously.

Grid Voltage u; PEC Voltage u.
10k
5k
Z
Q
2 o
2
-5k
-10k
Primary Voltage u,,
(a)
Grid Voltage u Grid Current i
10k / 100
5k 50
> <
5 =
g o 0 3
S =
gt s
-10k + L 100
(b)
400 Load Voltage u;, Load Current iy, 400
200 200
z \ 2
= 3
—200 =200
—400 -400
0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.38
(©)
Time(s)

Figure 15. Simulation waveform diagram of complex control with Flexible OLVR.
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Figure 15b shows the waveform of grid voltage and grid current after compensation
of the flexible OLVR. From the figure, it can be seen that the device operates in unity power
factor, and the power factor is above 0.99.

Figure 15¢ shows the load voltage and load current. It can be seen from the figure that
there is a phase angle difference between the voltage and current, which is the impendence
angle of the load, 8, and the power factor is about 0.9.

6. Experiment Results

The research group built a scaled down experimental platform according to the topol-
ogy shown in Figure 1, and the experimental platform of the flexible OLVR is shown in
Figure 16. The step-less voltage regulation function of the flexible OLVR transformer is
verified. The parameters of the test circuit are listed in Table 2.

(a) Power Electronic Converter and Tap Switches

Figure 16. Experimental platform of flexible OLVR transformer.

Table 2. Major parameters of experiment circuit.

Parameters Parameters Value
Primary Voltage Us 1kV
Secondary Voltage ur, 04kV
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 fpeom 10 kHz
Load parameter Zload 10 ohm + 10 mH

Figure 17 shows the waveform diagram of transient step-less voltage regulation with
the flexible OLVR. When the grid voltage falls from 1 p.u. to 0.85 p.u., the PEC of the
flexible OLVR 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.

As shown in Figure 18, when the grid voltage does not fluctuate, the series reactive
power compensation function of the PEC could realize the phase angle control of the
primary side voltage. Meanwhile the flexible OLVR changes the change of transformer
ratio by adjusting the tap chargers, thus ensuring the stability of the amplitude of the
load voltage.

In this way, the flexible OLVR could achieve load voltage regulation and realize the
unit power factor operation of the grid side, as shown in Figure 19.
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Figure 17. Waveform diagram of transient step-less voltage regulation with flexible OLVR.
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Figure 18. Waveforms of minimum vector reactive power compensation for flexible OLVR.
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Figure 19. Waveforms of unit power factor operation with flexible OLVR.

7. Conclusions
This paper presents a flexible OLVR topology based on PEC. Due to the application of
power electronic converter, the new OLVR has the step-less voltage regulation of output

load voltage.
Through coordination with OLTC switches, the converter could only modulate a

small part of the rating voltage to realize step-less voltage regulation. Compared with
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traditional OLTC, it is more accurate in voltage regulation, and it is lower in cost and higher
in efficiency than power electronic converter.

A complex control strategy for the flexible OLVR is proposed, which changes the
transformer ratio, k, and the compensation voltage, 1., of the power electronic converter,
realizing the precise adjustment of load voltage and reactive power compensation.

The simulation and experiment results show that the hybrid transformer model
proposed in this paper can achieve accurate step-less voltage regulation and reactive
power compensation, and the switching process meets the operation requirements of
power systems.
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the manuscript.
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Nomenclature

Symbol and Constant

Lo Main winding of the OLVR transformers.

Lpo 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.

Ve DC bus voltage of the PEC.

ko Rated transformation ratio of OLTC transformer.

€0 Rated tap-charger factor.

€mins Emax Maximum and minimum values of tap-charger factor

Mo Rated deviation scale factor between grid voltage and rated voltage.
Ao Scale factor between maximum compensation voltage and rated voltage.
) Rated voltage at the primary side of the OLVR transformer

Ue-max The maximum compensation voltage of the PEC.

Variable and Function

Us Voltage of the power grid.

Upr Voltage at the primary side of the OLVR transformer.

Ue Compensation voltage of the PEC.

uy Load voltage at the secondary side of the OLVR transformer.

is Current of the power grid.

ic Compensation current of the PEC.

k OLVR transformation ratio.

€ Tap-charger factor.

o Percentage of variation of each tap winding.

U Deviation scale factor between grid voltage and rated voltage.

0 Impedance angle of the resistive-inductive load.

o Compensated angle in series for flexible OLVR.

B Angle between compensation voltage vector and grid voltage vector.
P. Series compensates active power of PEC.

Qc Series compensates reactive power of PEC.

)y System parameter converted to secondary side of OLVR transformer.
-1 Magnitude of the corresponding vector.

OLTC On-load tap-charger

OLVR On-load voltage regulation

PEC Power electronic converter

VSC Voltage source converter

VSC-R Voltage source converter at rectifier side

VSC-I Voltage source converter at inverter side

IGBT Insulated gate bipolar transistors
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