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https://doi.org/10.18280/jesa.570230 ABSTRACT

Distribution networks are employing more power electronics devices to achieve several
desired objectives. Soft Open Points (SOP) are one of these devices that tend to be
implemented in points that are normally open in a radial structured system. In this work
control of power converters from which SOPs are constructed is first investigated in the
atmosphere of a test distribution system. The primary step in setting up the controls is to
obtain the reference real and reactive power settings per converter required to minimize
the cost functions set out by the distribution system operator. Through an adaptive Particle
Swarm Optimization (PSO) the former mentioned power settings were determined based
on a desired cost function to be minimized. In this work, the control settings where first
implemented using PI controllers for each converter. An approach is proposed in which a
combination of two different control methods is employed. This hybrid approach is based
on controlling one of the converters in Pl synchronous reference frame environment while
the other converter is based on a hysteresis current controller which corresponds to the
power references obtained for that specific converter. The proposed method is
implemented on the |IEEE33 bus distribution system and simulated in
MATLAB/SIMULINK. Results show the effectiveness of the proposed hybrid approach
in reducing the number of required PI controllers and eventually the effort of parameter
tuning. Furthermore, the hybrid approach shows considerable reduction in, overshoots of
actual bus power signals and tracking errors. These improvements are reflected directly in
the bus voltage profiles at the points of SOP connections and other buses of distant radials.
Moreover, the aforementioned features of the proposed approach directly affect the
reliability of power delivered to consumers’ feeders at the SOP connection points and
others within its vicinity.
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1. INTRODUCTION a largely closed loop topology [4, 5] as an approach to solve

the aforementioned problems.

Distribution networks are considered the terminal zone
where generated electrical power finally reach consumers.
Characteristics of these distribution networks directly impact
consumers’ appliances. Conventionally, networks are design
to be of radial formation with an alternative ring topology in
some applications. The former has the characteristics of been
easy to operate, control and protect whereas the latter need
expensive protection strategies. Reliability wise, ring
formation has proven to be more reliable since an
interconnection exists between adjacent radials, a benefit that
is absent in a pure radial topology. Modern distribution
networks are becoming considerably active due to the use of
energy sources which are scattered in a vicinity of network.
Several countries wish to utilize distributed energy resources,
resulting in a more active distribution network [1, 2]. However,
increasing the number of activeness level, in a distribution
network, may result in an unbalanced power flow across radial
feeders, owing to various loading scenarios. As a result, there
are significant power losses, increased peak currents, and
undesired voltage excursions [3]. Distribution networks are
increasingly being converted from their original radial form to
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The load can be balanced across feeders in a closed loop or
ring arrangement as opposed to a radial one, optimizing
voltage profiles and enhancing power supply dependability [5].
More difficult and expensive protection methods are needed
for a closed loop network design [5, 6].

In a radial distribution network there exist many points that
are normally open points (NOPs) which can be devoted to
facilitate a compromise between a pure radial structure and an
expensive ring [4]. It has been proposed that Soft Open Points
(SOPs), constructed from two power converter devices,
replace NOPs in a distribution network, which can combine
the benefits of radial and loop (mesh) operated networks while
avoiding the disadvantages of each [6]. The advantages of
SOPs for the operation of distribution networks have been
highlighted in prior studies [6-8], with the majority of these
studies focusing on standard network operation restrictions.
SOPs are two converters operated in a back- back fashion with
a mid-DC link [9]. Back-back converters find numerous
applications that include, integration of wind power systems
[10], high voltage DC transmission and induction machine
drives [11]. In applications where back-back converters are
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used as power flow controllers, which is equivalent to the
operation of an SOP, control can be applied that includes
controlling one of the converters to provide a constant dc link
voltage while the other is operated to control real and reactive
power flow [12, 13]. In study [14], an external loop is designed
to provide reference quantities which are tracked by an internal
loop designed based on state feedback control, where the back-
back converters are used to interface a micro grid into an AC
network. Zhang et al. [15] proposed a control scheme for back-
back converters based model predictive control for the grid
side converter. The DC link voltage is implicitly controlled
through the model predictive system thereby eliminating the
PI controller for the DC link capacitor. Authors report that
although the proposed non-PI system performs well in normal
conditions, yet robustness is higher in case of discrepancy of
system parameters for the PI based controls. A multivariable
approach to control back-back converters is presented in study
[16], here variables to be controlled are first separated as low
and high frequency components and a controller is designed to
perform reference tracking and disturbance rejection.

Hysteresis control is another approach that is widely used to
control converters due to its simplicity and the straight forward
implementation [17, 18]. Usually, hysteresis is a current
controller that is designed in the abc stationary frame [17]. The
use of a combined PI and hysteresis controller is presented in
studies [18, 19] for only one converter which interfaces DC
power into an AC system. The high switching activity of a
hysteresis controller, which is considered a drawback, can be
reduced through maintaining the same polarity of phase
voltage for one third of the total one cycle time [18].

Present work on SOPs mainly deals with two aspects; the
first is quantization of the benefits in terms of reduced real
power losses, improvement in voltage profile and an enhanced
balancing of feeders [20]. The second is investigation and
enhancement of the adopted optimization method [20].
Control of back- back converters in SOP applications has been
mentioned in study [21], where response of conventional PI
controllers are illustrated due to a step change in both active
and reactive powers and its effect on maintaining a constant
DC link voltage. The main challenges in integrating SOPs into
distribution systems are; optimizing the operating points of the
device which implies employing an optimization algorithm
that minimizes a set of cost functions set out by the distribution
system operator. The second challenge is implementing those
optimum points via an accurate and reliable control system.

In this work the main emphases is related to the control
system of an SOP device, which requires an important
preliminary step of obtaining the reference settings. A
proposed control method is presented that is based on a hybrid
approach, where each converter of the SOP has a control
method that differs from the other. To the best of our
knowledge, a gap exists in existing literature, between
determination of the optimal operating points of an SOP,
which are considered the control reference settings in this
work, and utilizing them in the control system. Therefore, the
present work aims to bridge this gap by employing the
operating points found through optimization techniques in the
design of the control system that manages SOP operation. To
assess the control objectively, the proposed hybrid method is
tested on a standard distribution network with multi radials and
buses that supply a variety of load values.

The rest of this paper is organized as follows: section 2
presents description and mathematical model of SOP, section
3 presents references generation for control system of SOP
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Converters, section 4 displays Proposed Hybrid Control
Approach for SOP Converters and section 5 shows simulation
and results.

2. DESCRIPTION AND MATHEMATICAL MODEL OF
SOFT OPEN POINT

Power electronics converters, in back-back formation, can
be used to replace open points, usually situated on feeders ends
[6]. With this formation, a link is provided between two radials
of a network which is utilized to export or import power
according to the status of the corresponding radial. Hence, an
SOP is usually modelled as a flow of real/reactive power
between buses at the end of radials that are considered open
points [6]. Reference to Figure 1 (a), buses i & j are normally
open points, an SOP device is connected at these end buses.
The amount of apparent power injected or supplied at either
end is defined as, Pygc_; + jQusc—; for converter i and
Pysc—j + jQysc—; for converter j. The standard practice in
power analysis of distribution networks is to calculate the
power flow injected into a bus depending on the flow from the
bus before it [20]. Hence, real and reactive power at bus i prior
to the connection of an SOP is,

P = Pi_y — Py — Pross(ii-1) (1)
Q= Qi_1 — Qi — QLoss(i,i—l)

And for converter j,
P = Pi_y — Ppj — Pposs(jj-1) )

Q; = Qj—1— Quj — Qross(j,j-1)

where,  Pyjy-1/Qij-1 Pri¢p) /Qui¢py and Prossqi(p,iy-1)/
QLoss(i()),i(j)-1) are the real/reactive; power flow of the bus
preceding the i (j*") bus, load values at the it"(j*) bus and
losses of resistive /reactive line parameters connecting the
ith(jt") bus to the preceding bus it (j*) — 1, respectively.

In the presence of the SOP, a schematic of which is shown
in Figure 1 (b), a new real/reactive power flow which
corresponds to that of the respective converter apparent power
values are incorporated into Eq. (1) and Eq. (2). Assuming that
the converter and relevant filter has no real losses [22], Eq. (1)
and Eq. (2) become,

P+ Pysc_i = Pi_1 — Pri — Pross(ii-1)

3
Qi + Qvsc—i = Qi1 — Qui — Qross(ii-1) ®)
For bus i. While for bus J,
P+ Pyge_j = Pjoq — Prj — Pross(jj-1) @
Q; + Qusc—j = Qj—1 — Quj — Qross(jj-1)

Usually the sign of the real and reactive power of each VSC
determines whether the power flows outwards or inwards with
respect to the bus. Eq. (3) and Eq. (4) provides a general
inclusion of the SOP system powers at the two buses of
connection. To preserve a real power equilibrium, the
algebraic sum of power for converters must add to zero [22].
Hence,

Pysc_i + Pysc—; =0 (%)
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Figure 1. (a) An SOP connection between two open ended points for part of a distribution network. (b) main circut of back to

back based SOP based on a two level topology [21]
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Figure 2. PI based compact control block diagram of two back- back converters for an SOP between the i*" and j** bus

Or,

Pysc—i = —Pysc-;j (6)

Clearly from Eq. (6), one of the buses must have real power
injected whereas the other supplies this power. The reactive
power for each VSC of an SOP can be either determined based
on fulfilling certain voltage requirements [23] or from an
optimization method which defines the optimal operating
points of the entire SOP system. It is clearly noted that an SOP
provide a link between two points on a radial system that
would otherwise be normally open. Therefore, with this power
electronics system, if a case of surplus real power exist on one
radial, it can be used to curve a shortage on the other. In the
meantime reactive power import/export can be used to remedy
a decrease or an increase of voltage profiles in the targeted

radials of SOP connection.

Usually control of the back-back converter configuration is
application orientated. A general requirement of the controls
is that the real power flow between the converters must be
balanced [22]. One of the converters for example, VSC1 ,must
be controlled to maintain a constant voltage profile at the DC
link terminals [21]. The former is achieved if and only if the
DC link capacitor does not absorb nor supply any power to
alter the real power balance. On the other hand, VSC1, can also
be used to control reactive power of the AC terminals when
the back-back system is used to interface two AC system with
a power factor less that unity

The second converter, VSC2, can be handled to control real
and reactive power at the AC system to which its connected to
[21]. Usually the control of the apparent power is transferred
to be a current control objective. If the control is implemented
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in the stationary af frame, the controls are reduced to
regulating the components of the AC system [23, 24], whereas,
in the rotating dq frame the process involves regulation of
iq & i components [24]. Figure 2, shows the conventional
control for the two VSC; & VSC; in the dq frame. The latter
system has two additional PI controllers that compares
reference/required real and reactive powers, Prr_j/
Pysc—j & Qrep-iyj/Qusc—ij> to produce the required control
signal [13]. For, VSC;, the control loop are usually nested,
which means an external loop provides a reference current
setting for an internal loop which provides current regulation
for iy [13, 21]. However, the i; component is regulated in
separate current loop. Conventionally all regulating loops have
PI controllers that provides tracking of the variables to be
controlled. The final stage of this conventional control is
generating the dq  voltage modulating  signals,
Vamoa i/; a0d Vgmoq i/ for the i and j** as shown in Figure
2. Hence, these current signals are DC by nature since they
rotate at exactly the same speed as the abc frame, enabling the
use of conventional PI controllers. The speed of rotation is
usually determined by a phase locked loop (PLL) [21].

3. REFERENCES GENERATION FOR CONTROL
SYSTEM OF SOFT OPEN POINT CONVERTORS

A major target of control systems is that a controlled
variable needs to track a reference setting with minimum
possible error. An integral part of this work is determination
of the various references required for the operation of the
controls. For SOPs these reference settings are determined
from an optimization process. In this work, an optimization
algorithm is employed that minimizes one, from a set, of
defined cost functions. The algorithm is based on the particle
swarm optimization (PSO) method [25]. Usually, the cost
functions that need to be minimized involve; real power losses
in the distribution system, voltage profile deviations and
feeder load balancing which are defined as [20].

Nbranch
Obji= ) (PK— Pk
k=1
Nbus
0bj2 = > |Uh = Virey) | ™
n=1
Nbranch
0bj3 — Z Iﬂow_k
=1 Irated_k

where, P¥ & P¥*1 are the active power flow for bus k and k +
1 respectively, V, is voltage for n" bus and, V;, ;¢ is the
reference voltage, which is considered as 1 P.U., based on the
nominal voltage of the distribution system. Igoy j is the
current flow in the k" branch connecting bus k to the next bus,
which is, k+ 1, liateq x i the rated current of branch
k.Nbranch is the total number of branches and Nbus is the
number of bus-bars.

For the present work, the emphases is based on finding the
optimal operating points of the SOP, that include;
Pref—is Qref—i» Pref—j and Qrpp_j. Three of these powers are
directly employed in the respective control system of a
converter from which the SOP is composed. The proposed
optimization algorithm is based on a single objective PSO
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which minimizes one cost function [26]. In this work, the PSO
is modified to be an adaptive approach that minimizes a
defined cost function. The suggested approach gives the
flexibility to distribution system operators to utilize the SOP
device to accommodate minimization of a selected cost
function based on the time status of the network. The adaptive
algorithm can be summarized in the following points:

1. Select the number of population.

2. An initialization process is set up that involves assigning
values to the three power values of the SOP, which will
not exceed the power rating of the respective converter for
each population.

3. Determination of location where the SOP is to be
connected.

4. Selection of which cost function to be minimized.

5. Update position and velocity of each population [25].

6. With the updated population members, a load flow is
implemented on the distribution system to find the value
of the selected cost function for each population.

7. The process is repeated until a specified criteria is met,
which is usually the maximum number of iterations [25].

Figure 3 shows the algorithm flow chart and algorithm table
shows a pseudo code of PSO. In this work the load flow is
implemented using MATPOWER [27] and is embedded with
the PSO algorithm.

Y
Initialize position of particles ) active /reactive
power) randomly
Initialize velocity of particles to zero
Pbest = position of particles
ghest= pbest
A 4
Select objective to be optimized / Initialization of
the selected cost function
Y
Updating velocity for each particles

e
Updating position for each particles
Y
Activate MATPOWER and settings
A 4
Run power flow
Y
Evaluating selected objective
X
" Isthe currenit— iy
" value of the selected T _
o oo . >——NO
NO YES cost function -

i . better than Pbest 72— cep
| Assign current | T~ " previous
objective function ~ Dhest

. ¥
g oo Pheot Assign Pbest as §
ghest
//./F“\H"‘\
.f/ .
AT Is current ‘\"'\.\\
— iteration > Max "

— . . o

~.__ iteration? L7

~— e YES

o !
Print best objective function / Perform load flow
based on the active / reactive powers of each VSC
and take these values as (Qrefi ., Prefy and Qref f)
areferences values

Refer encevalues
¥

Figure 3. Flow chart of control of SOP (using particle swarm
optimization algorithm)



Algorithm: Pseudo Code of PSO

1: Set SOP location for: seti & j

2: Set MVA rating for each SOP converter

3: Determine cost function to be minimized, Obj1, Obj2 or Obj3
4: For k=1: number of populations

5: Initialize population members for SOP, S;,tia1 =
[Qref—i Qref—j Pref—j]intial

6: Initialize velocity to zero

9: Initialize cost function

10: Personal best solution = random solution

11: Best cost function= cost function

12: End

13: For 1: Maximum number of iterations

14: For 1: Number of population

15: Update velocity

16: Update position

17: If updated position satisfies the constrains, Syer_; <

2 2
Pref—i2 + Qref—i &Sref—j < Pref—j2 + Q'ref—j

18: Run MATPOWER and perform load flow

19: Calculate the value of the selected cost function with the
present solution

20: If the current solution is better than the former, update Pbest
and gbest

21: End if maximum number of iterations is reached

22: Store final solution and corresponding cost function,

[Qref—i Qref—j Pref—j]ﬁnal

3.1 Dynamic analysis of voltage controller based on the
generated references

In this section dynamic analysis is presented for the voltage
control of one of the SOP converters. The aim is to study the
response of control system corresponding to the value of
power that this converter may supply or absorb depending on
the results of the optimization process of an SOP. To
determine the open loop transfer function. Refer with: Figure
2, it is assumed that VSC; controls the DC voltage of the DC-
link capacitor. Hence, the capacitor current is expressed as,

dt

c ®)

:lC

Multiplying Eq. (8) by Vp¢ will result in an expression of
rate of change of power at the capacitor terminals, which is
equal to the difference in powers at both ends of the capacitor.
For the SOP system, this is expressed as,

7 - ©)

vsc—j vac—i

Using the space phasor representation [28], the voltage
balance equation at the terminals of VSC; is written as,

L di
tdt -~

R+ Vyser =V, (10)

vsci

where, 1, L;, R; , V,,sc;and V; are the current phasor, inductance,

resistance, terminal converter voltage and bus bar voltage of
the VSCi of the SOP device respectively. Here, since the dq
synchronous frame is used, the respective space phasors are
defined as [28],

1=y + ji,
Visci = Vusca +vascq (11)
Vi =Via +jVia
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If Eq. (10) is multiplied by (3/2)7",
transformed to a power balance form,

this equation is

3 di . 3
L — XU = R(—le)+V,,m( M-V (12)
Ldt 2
Which is simplified to,
3 . .
ELLE XT = _ERi X 12 + (vac—i + ]stc—i) - (13)
(P +JQ)
The term Z—i X T*, can be further expanded as,
3 di d
ELEE ?Zlea(ld +]lq)><(ld—]lq) (14)
Which is further simplified to,
ELI.E Q*zzLi[(lddld'qu dt)+ ](dE_.qtj;:)] (15)
The real part of Eq. (15) can be written as,
did dig _1d 1di?
;o d - = 16
(a gy P lag) =30 CRg) 2 dt (16)

The power term (P,s.—; + jQpsc—;) in Eq. (13) can be
written with the aid of Eq. (14-16) as,

. dig

_ 3 di? 3 di,
vac—i +]stc—i = ZL —lg E) (17)

l%‘l']zl‘iodﬁ
+Ri X iz +(P1 +]Ql)

Furthermore, the current at the i*" bus bar of the system is,

2 2
i?= g X % (18)
Hence Eq. (18) become,
Pyse—i +JQusc—i = % X = (ZPL ‘Z‘ + 20 dtht)
P 4R x5 +Q’ +jEL (id ‘th iq%) Lol (19)

Since Eq. (9) considers real power balance, the real part of
Eq. (19) is considered. Therefore, Eq. (9) reduces to,

avie _ 2 2L (p APy

ac ¢ vseml T [P+ (ldt+Qldt)
o parna (20)
_R[ X L = L ]
9 V;

Eq. (20) can be linearized using the small signal perturb
method around a defined steady state point [28]. The deviation
in DC link voltage to deviation in converter injected power
transfer function can be found by neglecting dynamics of bus
voltage and assuming a zero rate of change in reactive power
and assuming the filter resistance is small enough to be
neglected [28]. Hence,

dp,
dt

vz, 2[~ 2L;P;, 1)

=——|P
dt clt’ 32



In the S-domain the transfer function is defined as,

(22)

2_(2L;P;y/3V?)S + 1
@ S

From Eq. (22), the voltage controller transfer function is
obtained. Here, the response is evaluated based on how well a
deviation in the DC voltage can be nullified [28]. To find the
frequency response of the controller for the SOP converter that
control the DC voltage, the open loop transfer.

L(S) = Gpi—y(s) X Gin-100p (s) x GVfgc/ﬁz (s) (23)

Gz /7 (s) is the transfer function defined by Eq. (22). In this
Dc/ 1

analysis all of these transfer functions parameters will be
expressed in per unit system. To obtain the frequency of the
voltage controller for the i*" converter of the SOP system, the

steady state power, must be known. If the switching losses are
also neglected then this power, P;,, is approximately equal to
the real power of the converter, P,._;. Based on the controller
tracking performance, then,

(24)

Pref—i ~ vac—i

The power, P.¢_;, is found by applying the PSO method
explained in section 3 of this paper. This optimization method
was applied on the IEEE 33 bus system [29], at two tie switch
positions, that is the 25-29 and 8-21 locations. In these two
positions, an SOP is connected one at time. Since the
optimization algorithm requires determination of a cost
function, only ohmic losses are considered in this work which
is objective 1 of Eq. (7). Table 1 shows the results of the
optimization in terms of real/reactive powers that represent the
optimal operating points according to the selected cost
function.

Table 1. Optimum real/reactive powers for converters of the SOP system based on PSO

Location of SOPCost Function Targeted (Losses in KW)Q@ref—i MVARP,.r_; MWQ,or_j MVARP,os_; MW

131.583
123.356

25-29
8-21

-0.611
1.053

-1.237
-0.184

-0.474
-1.119

0.611
-1.053

Based on the above real power point of VSC;, the transfer
function, Gp;_,(s) can be defined. For simplicity the term,
(2L;P,,/3V}?), can be expressed in per unit system, in which
the base apparent power is 3 MVA at a nominal system voltage
of 12.66 KV. Moreover, the PI voltage controller parameters
are tuned using the modulus optimum method [24].

Reference to Figure 4 shows the Bode plots for the transfer
function of VSC; of the SOP device at location 25-29 of the
distribution system. Here, a current time constant of
2x107*S is assumed for, Giy_j00p(s) . The voltage
controller is assumed to be 50 times slower than the current
controller, hence the gain is set such that the angular cross over
frequency is 200 rad /sec. Clearly, the system possess, at this
location, close loop stability since the phase is around,
—10.4 °. For the location 8-21, where the optimization reveals
that the VSC; converter has a negative input real power, or
supplies positive power through the DC link to the VSC;
converter. Figure 5, shows the frequency response for the
controls of this converter. Since the value of inductance and
capacitance are assumed to be the same, the same PI
parameters are employed. For easy comparison, the same cross
over frequency is assumed for 8-21 as that of 25-29 location,
the phase is reported to be approximately —180° which can be
considered just about unstable. This situation can be remedied
by introducing a lead compensator [28]. If a lead compensator
is added to the open loop transfer function defined by Eq. (23),
the close loop transfer function has a phase margin of 30° at
the 200 rad/sec, cross over frequency. Figure 6 shows the
frequency response for the 8-21 location, where the phase is
now —150° at the frequency of 200 rad/sec.

The dynamic analysis presented here confirms that the
controller design is dictated by the position of the SOP device
within the distribution system. Once, the location is
determined then the controller requirements will depend on the
power flow direction of one of the converter which is
employed to provide a constant DC link voltage. Moreover,
this power flow, in value and sign, is obtained from the
optimization process. Therefore, the optimization process
plays a pivotal role in the controller design and response.
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4. PROPOSED HYBRIDCONTROL APPROACH FOR
SOFT OPEN POINT CONVERTER

Conventional control of back-back converters which require
one PI voltage controller and four PIs for current control
resulting in a number of parameters to be tuned. If power
integrators are employed that produce the error, which is the
difference between reference and actual components of
apparent power for each converter [13], then about eight PI
controllers are required. This will further increase the number
of parameters to be tuned. In this work a control method is
suggested that eliminates the PI controllers for one of the
converters which results in a significant reduction in the
number of those controllers. It is proposed that one of the
converters is controlled via the hysteresis current controller
method [19] which utilizes the real/reactive powers of the SOP
system obtained from the optimization technique. Furthermore,
based on simple calculations, the reference current settings are
obtained which are converted to stationary abc frame. The
hysteresis controller simply compares between those
references and actual currents to decide on the switching status
of the controller based on the predefined hysteresis band [19].

For the converter, VSC; , which controls the optimized
real/reactive power, the optimum operating point can be
expressed in terms of voltage and current as,

3
Pref—j = 5 (Vaj X larer; + Vaj X Igrey;) (25)
And for reactive power
3
Qref-j = 2 (_Vdj X Igrerj + Vgj % Idrefj) (26)

If the dq synchronous reference frame is rotated at the same
speed of the AC grid, which is detected by a phase locked loop
[24], then Vg; is nullified [24], and the real/reactive power is
function of the current Iy & Igyerj. Those currents are the
reference settings in dq frame. Figure 7, below shows a block
diagram of the proposed hybrid control method for the SOP
device connected between bus i & j of a distribution power
system.
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Figure 7. Block diagram of the proposed hybrid control system of an SOP device connected between i & j bus

5. SIMULATION AND RESULTS

In this part simulations are carried out to verify the
feasibility of the control approach suggested in this work. As
a first step, the conventional PI controllers are simulated on
the IEEE 33 system, where total active and reactive load
demands are, 3715 KW and 2300 KVAR [29] respectively.
Simulations are carried out in MATLAB/SIMULINK. All
parameters used are shown in Table 2. First, the SOP location
is determined, in this study the same two locations are
considered; 25-29 and 8-21 as mentioned in section 3.1 of this
paper. Although the PSO algorithm is designed to optimize the
distribution system cost functions defined by Eq. (7), however
in this work we will consider only minimization of real power
losses only. Figure 8, below shows part of the IEEE 33 system
with the SOP (and embedded controller) connected between
bus 25 and 29.

631

Table 2. Simulation parameters

Parameter Value
Rated VSC apparent power /Base MVA 3 MVA
. . 12.66 KV
Nominal grid voltage/Base voltage
vrms
Number of populations for PSO 40

Number of particles 4

Maximum number of iterations 60
Personal Acceleration coefficient (C1) for PSO, 1,2 [30]
global Acceleration coefficient(C2) for PSO ’
Two random variables for PSO r1, 12 (0_][)3’0(]0 -D
DC-link voltage 30KV
Line frequency 50Hz
Switching frequency 1300 Hz
R=022Q,L
RL filter of each converter —20 mH
DC-link capacitance C =200 pF
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Figure 8. Part of IEEE 33 system with SOP connected between buses 25 and 29

5.1 Simulation results of conventional PI controller

As a first step, PI controllers were used to track the
reference DC voltage and the optimized values of real/reactive
that were obtained from the PSO algorithm.

The sequence of events are as follows, first, at t = 0 sec,
both converters are inoperative and the capacitor is charged to
a 1.5 P.U of voltage, then at t = 0.2 sec, converter at bus 25
is fired, an over shoot of more than 2.5 P.U is observed before
the voltage settles to its steady state value at, t = 0.4 sec.
Furthermore, a change in the step value of the reference
voltage is initiated at, t = 0.8 sec, where the controller is able
to track the new reference setting. Tracking performance of the
DC voltage controller is depicted in Figure 9 (a). The
controller for this converter also tracks the optimal reactive
power, Q,s-—25, the tracking performance is shown in Figure
9 (b). An overshoot occurs before the controller tracks the
reactive power, it is interesting to note that the response of the
reactive power is momentarily effected by the change in the
DC reference voltage which was initiated at 0.8 sec. This is
attributed to dynamics overlap of the converter system.

Converter 2, which is connected at bus 29, is triggered at
t =2sec. The controller tracks the per unit, step unit
modulated, reference setting which is obtained from the PSO
algorithm, P..f_5o. Tracking performance is shown in Figure
9 (c). Prior to the to the 2 sec simulation time, the controller is
idle and the actual real power is almost zero. After a delay, the
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controller track the P..r o reference, however some
oscillations are observed in the actual measured power,
P,sc—29. Finally, the reactive power of this converter, Q,sc—29,
tracking performance is depicted in Figure 9 (d), where also
an amount of oscillations is observed in the actual reactive
power measured at bus 29.

The majority of converter control systems is evaluated
based on the tracking performance of the controller employed.
However, in SOP applications, the controller assessment must
consider the effects on the respective bus voltage profile where
the SOP is connected. Also, connection effects of the SOP is
evaluated for buses of nearby radials of the distribution
systems. Figure 10 (a) and (b) show the per unit voltage
profiles at bus 25 & 29 respectively. Here, at bus 25, it is seen
that voltage suffers a momentarily voltage dip before restoring
to steady state value. On the other hand, voltage profile at bus
29 shows a less pronounced voltage dip when converter 1 is
triggered at, t = 0.2 sec before restoring back to nominal
value. As converter 2 is triggered at t = 2 sec, voltage profile
is increased since the sign of Qy..r_»4 is negative which means
the bus injects reactive power. Both voltage profiles show
oscillations due to the switching action of the converters.
Finally, voltage profiles at a two distant buses are shown in
Figure 10 (c) and (d). These profiles show less effect of the
SOP actions connected at location 25-29. As seen in Figure 10
(c) and (d), voltage profile suffers less dips in voltage due to
SOP converter switching.
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Figure 9. Tracking performance of conventional Pl based controller for an SOP at location (25-29): (a) dc side voltage, (b)
reactive power response of VSC 25, (c) active power response of VSC 29 and (d) reactive power of VSC 29
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Figure 11. Tracking performance of conventional PI based controller for an SOP at location (8-21): (a) dc side voltage, (b)
reactive power response of VSC 8, (c) active power response of VSC 21 and (d) reactive power response of VSC 21
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Figure 12. Voltage response of the IEEE 33 system for Pl based controllers of SOP at: (a) bus 8, (b) bus 21, (c) bus 4 and (d)

The conventional PI controller was also tested at another
normally open point (NOP) which was replaced with an SOP
system. In this case an SOP was connected at location 8-21.
The optimal operating points in MW/MVAR obtained from
the optimization stage was shown in Table 1 of Section 3.1.
For control purposes, those values are converted to per unit.
At this location, Pr..r_5q is positive and accordingly, Prer_g
must be negative to preserve the power balance. Both,

bus 5
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Qref-g & Qrer_oq are injected at both buses. The chain of
switching events follow the same pattern as in location 25-29.
Figure 11 (a), shows the tracking performance of the DC
voltage controller for VSC 8 at bus bar 8, which shows a
similar performance as in 25-29 location. Control of Q,s._g 1s
shown in Figure 11 (b) where again the response is effected by
the change in reference DC settings and switching of VSC 21
at times, 0.8 sec & 0.2 sec respectively.



Inspection of Figure 11 (¢) and (d) reveals the tracking
performance of controller for VSC 21, where ripples are
observed in the actual signals of P,g._»; and Qyge—21-

In particular ripples are more evident in Q,s._1. This is
attributed to the magnitude of this power which is about 0.036
P.U. The latter revels the sensitivity of the conventional PI
controller to the magnitude of the reference settings. The effect
of the SOP actions at the instant of switching on the
corresponding bus voltages are depicted in Figure 12 (a) and
(b). Here, bus 8 shows a less instantaneous voltage dip
compared to the voltage profile of bus 25 for the on voltage
profile of two distant buses are shown in Figure 12 (¢) and (d)
for bus 4 & 5 respectively. Here, it is evident that the effect is
less distinct than location 25-29. This is attributed to the
distant span between the SOP connection and those buses.

5.2 Simulation results of the proposed hybrid controller for
soft open points converters

In this section the proposed hybrid controller is simulated
on the IEEE 33 distribution system. For the purpose of
comparison, the SOP locations are the same as those studied
in the conventional controller of the previous section. The
proposed method is based on the block diagram of Figure 7.
Figure 13 (a) examines the tracking performance of the DC
voltage controller at VSC 25, when the hysteresis controller is
used for VSC 29. Prior to, t = 0.2 sec , the controller has
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identical response as that presented in section 5.1 above. When
VSC 29 is switched ON, the DC voltage controller shows
insignificant change in the tracking performance, which can
practically be considered as no change.

The same conclusion can be drawn for the tracking of,
Qysc—25- Hence, an important conclusion is that a change of
con trol approach for VSC 29 has practically no effect on the
PI controllers performance for VSC 25. Real and reactive
power tracking for the hysteresis controller shows very good
tracking of the actual powers, P,s._29 and Qys._9, compared
to its optimized reference value, Ppcr_z9 and Qper_z9, as its
evident from Figure 13 (c) and (d). Fast response is observed
with very small overshoot compared to the PI based controllers
for this converter at the same location studied in section 5.1.
Moreover, very small to no ripple is seen in the response. In
terms of tracking error, P, ._,9 shows nearly very
insignificant error whereas, Q529 , sShows a small steady
state error. It is clear that with this hysteresis controller the
tracking profile is more smoother compared to the PI case.
Smooth tracking can positively impact both load feeders
situated on buses 25 and 29 of the distribution system.

Figure 14 shows the voltage profile at bus bars of
connection and two bus bars from a relatively distant radials
relative to the SOP location. The same distant buses are
selected as in the conventional PI controller, which are bus bar
4 & 5.
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Figure 13. Simulation results of Hybrid controller for SOP location (25-29): (a) dc side voltage, (b) reactive power response of
VSC-25, (c) active power response of VSC-29 and (d) reactive power response of VSC-29
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Figure 16. Bus-bar voltage profiles using hybrid controller at: (a) bus 8, (b) bus 21, (c) bus 4 and (d) bus 5

Table 3. Comparison of conventional Pl versus proposed hybrid SOP controllers

Point of Comparison

Pl based Controller

Hybrid Controller

Tracking Errors (P.U)

Location 25-29 Location 8-21

Location 25-29 Location 8-21

DC voltage
Reactive power of VSC;
Real power of VSC;
Reactive power of VSC;

Ripple in controlled
signals, stc—i:vac—j & stc—j

Effect of switching action on voltages at
bus-bars of connection

Effect of switching action on bus-bars at
distant location from SOP connection

Overshoot in actual signals

Effect of SOP converters on consumer
load feeders, in-terms of overshoots and
ripples

Controller Components
Number of Pls controllers
Number of parameters required to be tuned

0.0332 0.0292
0.0014 0.0014
0.0027 5.817e-04
0.0012 7.938e-05

Clear oscillations in all actual signals of the
SOP optimal operating points powers,
specially, Pysc—j & Qpsc—j
Clear switching action is reflected in the
voltage profile of the i*" & jt* bus-bars at
which the PI controlled converters is
connected.

Some oscillations are seen in those distant
buses, especially after t = 2 sec, when the
jt"converter is triggered.

Large overshoots in actual power signals for
both converters in the Pls frame.

Can be significant due to, over shoots in
real/reactive power, and ripples in bus-bar
voltages.

8
16

0.0021 0.0024
0.0097 0.0097
1.479e-07 4.468e-07
6.125e-07 1.36e-08

No oscillations are seen in all actual power
signals of the converter that is controlled by
the hysteresis approach, i.e. Pygc_;j & Qpsc—;

No switching actions is observed in the
voltage profile of the j* bus-bar at which the
hysteresis controlled converter is connected.

No oscillations are seen even after, t =
2 sec, when the jt* bus-bar converter is
switched on.
No overshoot is seen in real and reactive
actual powers for the converter at the jt* bus-
bar.

Insignificant due to no overshoots in the
control response and voltage ripples.
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Inspection of results show the voltage profile suffers less
ripple in the proposed hybrid controller compared to the
conventional case. This is evident from Figure 14 (a) and (b)
at both buses of connection. The transient response, however
is different in terms of the voltage dip that occurs at bus 25
which supplies positive real power. Here, the voltage is
instantaneously reduced to about 0.9 P.U compared to a dip of
less than 0.6 P.U in the PI approach as depicted in Figure 10
(a). Hence, the transient effect in the voltage of the converter
that operates as a rectifier is less compared to the conventional
case. At bus 29, the voltage profile, shown in Figure 14 (b),
shows a relatively large momentarily dip before quickly
reaching steady state. At the time of switching VSC 29, at t =
2 sec, the bus voltage rises to new value with small delay as
depicted Figure 14 (b). This is attributed to the time taken by
the hysteresis controller to track the reference optimum real
power, P,¢._,q , since this power is implicitly tracked through
first calculating the dq reference currents, defined by Eq. (25)
& (26), followed by conversion to stationary abc frame. A time
interval is needed for the calculations and conversion to be
performed. Voltage at bus 25, Figure 14 (a), also experience
this delay due to the interaction of system dynamics. At the
distant buses, it is interesting to note that at the instant of
converter switching, specially converter at bus bar 25, the
voltage at both buses drops to about 0.9 P.U compared to about
0.8 P.U in the conventional PI controller.

Hence, the hybrid controller yields less transient effects on
the relatively distant buses compared to the PI controller.
Voltage profile at these distant buses reveals no switching
oscillations as shown in Figure 14 (c) & (d) compared to the
PI based controllers case for the same buses that were shown
in Figure 10 (c) and (d).

The proposed hybrid control method is further implemented
for an SOP connection at buses 8-21 which is an open point in
the distribution system. Optimal values of real/reactive powers
of VSC21 obtained from the PSO algorithm that were used in
the PI approach is implemented here through the hybrid
controller. Figure 15 (a), (b), (¢) and (d), show the DC
tracking performance, Q,g-_g, Pysc—21, and Qg._»1 tracking
respectively. Based on the optimization results, P,g._,q is
positive, which is tracked very satisfactory through the
hysteresis controller. The same is also seen for reactive powers
at both buses of connection. Figure 16 (a), (b), (c) and (d),
shows a similar response of the bus-bars voltage profile at the
points of connection and distant radials as in location 25-29.
Since both locations show similar response, this confirms the
feasibility of the hybrid method for any SOP location decided
by the distribution system operator.

5.3 Comparison between PI and hybrid controllers for
converters of a soft open point device

In this section a comparison is provided to highlights the
main difference between an SOP system controlled by the
conventional PI and hybrid approach.

First, as far as the tracking efficiency is concerned, the
hybrid approach shows a more accurate, less ripple tracking.

The tracking accuracy is judged based on calculation of the
mean square error (MSE) between the reference settings,
obtained through the PSO algorithm for real/reactive powers,
and the actual values from the controller. The tracking errors
of real power for VSC; for location 25-29 is about 0.0027 by
using PI controller while for the same location but by using
hybrid controller the tracking errors of real power for VSC; is
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very small about 1.479e-07. As for the second location, that is,
SOP 8-21 the tracking errors of real power for VSC; is about
5.817e-04 by using PI controller while for the same location
but by using hybrid controller the tracking errors of real power
for VSC; is about 4.468¢-07, and so for the remaining
parameters of DC voltage, reactive power of VSC;/j and real
power of VSC;, it clearly shows the efficiency of the hybrid
controller in accurately tracking and reducing the errors
between the reference values and the measured values. for the
ripples in controlled signals the hybrid controller demonstrate
that nearly no ripples are seen in controlled actual signals.

Furthermore, other features of the hybrid controller is
illustrated in Table 3. Here, the error for the tracking
performance of the hybrid approach is evaluated after t >
2 sec, for all locations where the SOP is connected. The
hybrid method shows considerable mitigation in the bus-bar
voltage profiles as far as the oscillations is concerned.
Moreover, nearly no overshoot is observed in the jt* converter
real and apparent powers response which will positively
impact the operation of the distribution system in terms of
avoiding nuisance activation of protection devices

For example at location 25-29, the actual real power at bus
29 overshoots to 0.3 P.U as the converter is triggered when the
conventional PI controller is employed as evident from Figure
9c. This is compared to nearly no overshoot in the hybrid
controller case as seen in Figure 13 (c).

6. CONCLUSIONS

Work in this paper presents the controls of SOP devices in
the environment of an electrical distribution system. A
proposed approach is presented that employs two different
controls methods for each converter of the SOP. Therefore, the
overall control is hybrid in nature. A PSO based search
algorithm is first suggested that computes the optimal
operating power points of the SOP corresponding to the
minimization a specific cost function. These computed
optimal points are utilized as reference settings in the
suggested hybrid approach. Compared to the conventional PI
based controllers, the hybrid method has less tracking error,
nearly no overshoots in real and reactive power actual signals
of the converter. For example the SOP converter at bus-bar 29,
an overshoot of 0.3 P.U is observed in the actual real power
with PI controls compared to no significant overshoot when
the same converter is controlled using the hysteresis approach.
Furthermore, the hybrid approach revels less oscillations in
voltage profiles at the bus-bars of connection and some distant
bus-bars of other radials. These aforementioned features of the
hybrid approach increases the reliability of the distribution
system in terms of avoiding false tripping of protection devices
and a less oscillatory bus bar voltage profile, where consumer
loads are fed.
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NOMENCLATURE

SOP Soft Open Point

PSO Partic_le Swarm Optimization

algorithm

NOP Normally Open Points

VSC Voltage source converter

VSCi SW gz\éitiching signals of converter at

VSCj Sw gz\ggching signals of converter at

Pl Proportional Integral controller

Pysc_i Real power of converter at bus i

Qvsc—i Reactive power of converter at bus i

Pygc_j Real power of converter at bus j

Qvsc-j Reactive power of converter at bus j

P Reference real power of converter at

ref-i bus i
Oreri Reference reactive power of
ref-i converter at bus i
P Reference real power of converter at
ref=j bus j
Ovur_; Reference reactive power of
ref=J converter at bus j

iq &g Currents of rotating frame

o &ig Currents of stationary frame

P Reference d-axis current for i or j

drefi/j bus converter

P Reference g-axis current for i or j

qrefi/j bus converter

Vdmod i/j and quod i/j
Vaisj &Vq iy

C,Vpc and i

72
Vie

Modulating voltage of dq frame at
busiorj

Voltage of bus i or j in dq frame
Equivalent value of capacitance, dc
voltage and current of capacitor
Deviation in square of DC voltage
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14

io

GPi—v(S)

Gin—loop (S)

MSE

APPENDIX

Bus and line data of IEEE 33 Bus system [31] are noted in

Table A1 below.

Deviation in power injected at bus i
Steady state point of real power at
bus i

Transfer function of the Pl voltage
controller

Closed loop transfer function of the
power controller (or current
controller)

Mean Sequar Error

Table Al. Bus and line data of IEEE 33

From BusTo BusR (ohms)X (ohms)P (KW)Q (KVAR)

1

o~NO O WN

11
12
13
14
15
16
17

19
20
21

23
24

26
27
28
29
30
31
32

12
18
25

O~NOoO Ok WN

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
21
15
22
33
29

0.0922 0.0470 100 60
0.4930 0.2511 90 40
0.3660 0.1864 120 80
0.3811 0.1941 60 30
0.8190 0.7070 60 20
0.1872 0.6188 200 100
0.7114 0.2351 200 100
1.0300 0.7400 60 20
1.0440 0.7400 60 20
0.1966 0.0650 45 30
0.3744 0.1298 60 35
1.4680 1.1550 60 35
0.5416 0.7129 120 80
0.5910 0.5260 60 10
0.7463 0.5450 60 20
1.2890 1.7210 60 20
0.7320 0.5740 90 40
0.1640 0.1565 90 40
1.5042 1.3554 90 40
0.4095 0.4784 90 40
0.7089 0.9373 90 40
0.4512 0.3083 90 50
0.8980 0.7091 420 200
0.8960 0.7011 420 200
0.2030 0.1034 60 25
0.2842 0.1447 60 25
1.0590 0.9337 60 20
0.8042 0.7006 120 70
0.5075 0.2585 200 600
0.9744 0.9630 150 70
0.3105 0.3619 210 100
0.3410 0.5302 60 40
2.0000 2.0000

2.0000 2.0000

2.0000 2.0000

0.5000 0.5000

0.5000 0.5000






