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ABSTRACT: Electricity market players 55340 &475 < JGS,N Bo 3 Ogirall Las) ekl

prioritize available transfer capability (ATC)
as an attractive solution. Market participants
can gain a financial advantage through
accurate and fast ATC solutions. In order to
provide a suitable and valuable solution, we
use differential load flow equations. A
dynamic system's entire time-domain
trajectory can be solved by this method, alon

with a fictional time-domain differentia
equation. This article uses Newton-Raphson-
Seydel instead of Newton-Raphson, which
can also be used to determine voltage
stability. A variable frequency transformer
(VFT) was used in this study to increase and
control transmission power. A 50% time
saving on small systems was achieved with
the proposed method, which was applied to
seven different systems. In addition, it
performed better on large systems by more
than 90%. This proposal for static ATC
presents promising results and can be applied
to online applications.
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NOMENCLATURE
A: DEPF Jacobian matrix
B: End variables in the DEPF LF
B: DEPF load change in each direction
Frew: New LF equations
Edepf: DEPF general form of LF
Jnew: New Jacobian matrix
Py Output power
Pu. Mechanical power of the drive
‘ system
Pg. Input power to the rotor
)I%;’I%i: VFT impedance
Vg, V. Voltage and current of both sides of
I,I.  VFT
Xold: Old network variables
Xnew: New general variables
XvrT: VFT variables
Yvrr: VFT admittance matrix
Zyrr: VFT impedance matrix
Vo NRS initial node injection
w: DEPF decompose the voltage
AvL: Eigenvalues and eigenvectors
0 The angle of the rotor relative to the
T stator
01,0;.  VFT voltage angle
P: NRS search direction
A: NRS scaled search parameter
w: DEPF loading parameter
X: NRS general variables
oK NRS load flow
0: NRS Hessian matrix
INTRODUCTION
Energy sources are maximized by

interconnecting power grids with asynchronous
and synchronous methods (Khan et al. 2021).
Asynchronous and synchronous connections are
made with HVAC and HVDC transmission lines,
respectively. As the backbone of the future
transmission network, HVDC lines are
considered in ATC calculations. HVDC
transmission lines allow large amounts of power
to be transferred, but the design and analysis of
HVDC systems are quite complex and expensive
(Khan et al. 2021).

Power can be exchanged between two
asynchronous or synchronous networks using a
variable frequency transformer (VFT) (Khan et
al. 2021). The first VFT was installed and tested
by GE in Langlois in 2004. With the VFT, power
between electrical networks can be controlled
more easily than before (Merkhouf et al. 2006).
Assumed 1n this paper is that one VFT in the
network determines optimal power transmission.
It has long been an important issue in power
system operation to calculate and send ATC
every hour - both static ATC (SATC) (Liu et al.
2020, Eidiani et al. 2010) and dynamic ATC
(DATC) (Eidiani 2021). DATC calculations are
highly dependent on transient and voltage

46

gtg{)él)ity analysis (TSA-VSA) (Mohammed et al.
A general minimum residual method (GMRES)
(Eidiani et al. 2010) can still be used to improve
continuation power flow (CPF) (Zambroni et al.
2000) computations in SATC. The advantage of
Newton-Raphson-Seydel (NRS) over NR is its
faster and more accurate calculation of VSA and
SATC (Eidiani et al. 2010).
ATC solution methods have been improved by
incorporating  artificial  intelligence  (AI)
techniques into the optimal power flow
calculation (OPF) (Lai et al. 1997). The ATC
calculation was carried out using several Al
methods, including cuckoo search, artificial
neural networks, genetic and bee algorithms and
particle swarm optimization (Lai et al. 1997).
Total transfer capability's (TTC) first contingency
was limited by the high calculation time needed
to compute unstable equilibrium points. ATC can
be approximated with acceptable speed and
accuracy using the Jacobian matrix determinant,
transient stability and peak of potential energy
method (Kim et al. 2009).
The DATC calculation with renewable sources on
networks was presented using the support vector
re%ression (SVR) method from 2012 to 2020
(Shaban 2018). A probabilistic power flow (PPF)
approach for accessing SATC was proposed in
(Karuppasamypandiyan et al. 2020). According
to the results, this method provides a more
accurate and effective evaluation of SATC.
An optimal power flow problem under transient
stability constraints (TSC-OPF) can be used to
estimate total transfer capability (Zhang et al.
2020). The state estimation program should also
be used to calculate load flow (LF) parameters
(Eidiani 2021).
There is no simplification or initial guessing
required with the holomorphic embedding power
flow (HEPF) algorithm (Eidiani 2021), a%tﬁou h
it has a long computation time. Using tﬁe
differential LF approach, transient stability
simulations can be solved effectively (Eidiani
2021). A numerical algorithm that does not
require iteration is developed by the researchers
in (Eidiani 2021) in order to solve nonlinear AC
load flows. An embedding of differential equation
ower flow (DEPF) into the proposed method
SATC-DE) was used in the current work.
Additionally, this study used DEPF (Eidiani
2021)'s initial model and improved the method
of calculating Static ATC (SATC). With the
developed model, large and practical systems can
be analyzed with less computational overhead
and consistent performance.

We describe here the key characteristics of the
new SATC evaluation method with VFT. We
developed a differential equation-based SATC
calculation in the presence of VFT in this study.
The new algorithm is based on the initial work on
the differential equation LF algorithm that was
published in (Eidiani 2021), which showed
efficiency in terms of dynamic LF. In section 2,
DEPF with NRS and VFT model is defined, and
in section 3, the proposed approach for SATC
assessment with VFT is discussed. The fourth
section presents the results and discussions.
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Lastly, the proposed method is tested on several
bi- and multilateral contract systems.

DEPF WITH NRS AND VFT MODEL

An illustrated network connection for VFT can be
seen in Figure 1, and a simplified circuit diagram
for VFT can be seen in Figure 2.
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Figure 1. An illustrated network connection for VFT
(Khan et al. 2021)
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Figure 2. A simplified circuit diagram for VFT
(Merkhouf et al. 2006)

The relationship between P, P4, and P is shown
in Figure 1. Py is the output power, Pq is the
mechanical power of the drive system, and P,
represents the input power to the rotor.

Pg+Pq=P1, @8]

The following are bipolar equations that can be
used to calculate VFT's voltage and current
equations (Figure 2).

V 1

¢ =z =

AR
1 V

4 — Y 8
R
Equation (2) can be applied to the LF equation,
and the VFT angle (6) can be varied to adjust the
transfer power between the rotor and stator.
Increased ATC can be achieved by controlling
power at the VFT, which then controls power at
the transmission line.

It should be noted that in a VFT, where torque
is applied to the rotor, the induced Emf in the
coil of the rotor remains constant, but its phase
angle changes by 0O.. The following real

equations are obtained by simplifying the LF
equations in Figure 2.

2)

V,sin0, =1 X, cos(¢p, +0,)—1, X cosd,
—-1,X,cosdp, —I,R _sin¢,
V,cos®, =1,X sin(¢, +0, )+, X sing,
—1,X, sing, —1,R_cos¢,
V,sin(0, +6,)=(X, +X,)sl, cos(6, +0,)
-1, X ,scosd, +1 R, sin(0, +¢,)
V,cos(0,+0,)=—(X, +X )l sin(0, +9,)
+1, X, ssing, +1,R, cos(D, +¢,)

3)

The main LF equations can be easily modified by
deriving LF flow equations (3). We can replace

old network variables (x , =[5,/ 1) with new
general variables (X =X, =[X,,.X,., 1) by
defining VFT variables as (
X, =00,.6,.6,.V,.V, 1) It is now possible to

calculate the new LF equations and the new
Jacobian matrix of the network.

Elew‘ (X new ) = 0 :> AFV[QM’ = Jnew AXV[QVV
4

Or:

AFH(ZW = szw AX new

= A0 |=\Joe Jor Jox,, AV
AT JTe JTV TX AXVFT

NRS load flow can now be used to solve equation
(6) (Eidiani et al. 2010) x =[X va] .

J eV — AV
E(y) = 1-|v| =0=
yO +pa‘+Fnew (X)
i . (6)
® J, -M 0
= v’
=>—=E 0= TR
o vl
OF
new 0 _
L 0X p_
That:
a "]new v
azF Vl 0 6‘lenew
@="ta . |= : 7)
aX new 0 a
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The NRS equation can now be combined with the
DEPF equation. The proposed method solves a
linear equation only once per time step, whereas
the CPF method solves it in every correction-
prediction step. We now briefly review the DEPF
approach (Eidiani 2021). DEPF calculations are
based on the concept of converting continuous-
time parameters into discrete variables like

(w(t) E3W(Kk)). The normal LF is depicted in (9),
where (b) is the load change in each direction
and y is the loading parameter.

[=YV =S=VI'=V{¥V) =

9
S+yb=VY V" ®

In order to decompose the voltage, we need to do
the following;:

w =[real V ),imaginary V )] (10)

It is now possible to write (10) as (11) in the
general form.

8 depr (yw)=0 (11)

DEPF defines a reversible relationship for
changing variables as (12).

W)=Y W (k) SW (k)= {d w ()

P (12)
ket dit L

First, the DEPF method expands the algebraic
equation (11) by adding a state variable (x) to a
set of DAEs. We obtain the following linear
equation by linearizing all the equations using
(12). As a result, we can obtain the Jacobian
matrix of the method as follows (Eidiani 2021):

w k)] [4 "B,
Y(k) A B,
The nonlinear LF equation (14) is solved usin

(A1A2A3A4)  matrices in a  differentia
transformation (Eidiani 2021). We have:

A
A

12 12

(13)

21 22

48

Wik)|
Wk ]
:{Anl (I +A12A*A21A131) _A1E]A12A*

_A*A21A1_11 A.
A4, = (Azz _‘421‘417111412)71

Ta

DEPF model's key characteristics helped us find
a simple and user-friendly SATC solution in an
accurate and fact manner.

} (14)

THE PROPOSED METHOD OF SATC

LFs are calculated using the DEPF approach at
the contract update with a decrease or increase in
loading arameters. SATCs have been
determined for normal and contingency cases.
An algorithm for assessing SATC using DEPF,
NRS, and VFT can be seen in the following.

1- All network information, controllers, and

sales contracts should be entered.

For each bi/multilateral contract (i) between

seller and buyer, change the vector of load

direction in (9) accordingly.

Utilize the DEPF method developed in the

previous section of this contract to find the

maximum load parameter.

In this contract, calculate the ATC for normal

and contingencies.

Using the previous steps, determine the

maximum allowable transmission power

between buyer and seller.

6- At each contract, evaluate SATC.

7- If the type of contract is changed, the
algorithm goes back to step 1 until the final
contract.

It is similar to the previous section in the SATC
calculation after the generator is lost or
disconnected, except the bus type changes to PQ.
A parallel line with negative impedance can also
simulate a line disconnected. Lines and
transformers have a maximum thermal load limit
of 100%, active power of 0 to 90%, a reactive
power of 50% to -50%, and a maximum voltage
difference of 5%. This method shows high speed
and accuracy in several networks based on the
above conditions.

RESULTS AND DISCUSSIONS

DIgSILENT PowerFactory and MATLAB were
used to simulate the proposed SATC model. We
studied developed mode performance on a
computer with Core i7 (Intel), 2 cores, 2.36Hz, 8GB
RAM. We tested the proposed SATC on a number
of systems, including 40 (Link 1), 120 (Link 1),
150 (Eidiani 2021), 300 (Link 1), 4440 and 1150
(Liu et al. 2020) and 6070 (Link 2). Several
approaches are compared with the simulation
results of the new method, including HEPF
(Eidiani 2021), NRS (Eidiani et al. 2010), SATC
(Eidiani 2021), CPF-GMRES (Eidiani et al.
2010) and CPF (Zambroni et al. 2000).
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SATC solutions calculated using six methods,
seven systems and four multilateral and 21
bilateral transactions are shown in Table 1. A
comparison was made between the proposed
method's Root Mean Square Error (RMSE) and
Calculate Relative Speed (CRS) (Table 2). There
is no direct correlation between the number of
buses and the CRS. In terms of execution time,
the proposed method outperforms other
approaches. It was found that the new method
consumed nearly half the processing time
compared to the other methods on average. As
shown in Table 2, even if there is VFT, the
proposed method is faster than the wusual
methods.

Figure 6 illustrates the root mean square
errors between the proposed method and the
other approaches, both with and without the
VFT. The accuracy of the SATC solution found by
all approaches varies from 0.08% to 2%,
compared with the accuracy of ATC calculated

based on CPF. In comparison to conventional
methods, the proposed method takes almost 40%
to 60% less time to calculate SATC, and 8% less
time than HEPF. In comparison with the
contender methods, 65 to 90% of the time can be
saved, as well as 15% more than with HEPF.

The outcome of the study indicates that the
proposed approach facilitates the computation of
SATC calculations that are nearly 25% to 90%
computationally efficient, proving that the
developed model is both practical and suitable
for online use.

Based on the simulation results, the most
precise method is the conventional CPF method
used as a benchmark. CPF, on the other hand, is
the closest approach to the new method. In
addition, the geveloped approach was shown to
be readily applicable for distribution systems as
well, thus extending its robustness beyond
transmission networks.

Table 2. Comparing the CRS of the proposed method with other methods with and without VFT, Methods (M.)

and systems (S.) are similar to Table 1

M1

“»

w/. W/.

W/o

M3 My M5

W/o W/o

67
91
89
87
8o
72
71

70
96
94
88
77
70
69

N bW N =

39
67
64
58
48
42
50

9
14
18
20
21
32
46

35
61

58
52
48
38
48

M CPF ®CPF-GMRES ®Improved NRS

6067-Wo
6067-W
4438-Wo
4438-W
1152-Wo
1152-w
300-Wo
300-W
145-Wo
145-W
118-Wo
118-W
39-Wo
39-W

Number of Buses

M old static ATC method

B HEPF  m Proposed method

5

10

15 20
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Figure 3- Comparing the proposed method with other methods with and without VFT
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Table 1. SATC (p.u.) and Error (Er), with (W/.) and without (W/0) VFT Methods (M.): 1-CPF (Zambroni et al. 2000), 2-CPF-
GMRES (Eidiani et al. 2010), 3- NRS (3) (Eidiani et al. 2010), 4- SATC (4) (Eidiani 2021), 5- HEPF (5) (Eidiani 2021)
and 6- The proposed method. Systems (S.): 1-40 (Link 1), 2-120 (Link 1), 3-150 (Eidiani 2021), 4-300 (Link 1), 5-1150
and 6-4440 (Eidiani 2021) and 7-6070 (Link 2).

RMSE SATC Error SATC Error SATC Error SATC Error
S. | M. "“,’\{;’ wio | W/ | wie | w/. [ wie | wi. [ w/o | wy. | wyo | w/. [wo | w/. [wio | wi. | w/e | wy.
Contract Sell (30) and Buy (7) Sell (30) and Buy (@) Sell (30, 31) and Buy (18,20) Sell (30) and Buy 3)
1 0.0 [ 643 780 [ 0.0 | 0.0 | 83 0.0 [ 0.0 [ 425 [ 593 [ 0.0 | 0.0 | 126 0.0
2 [0.21-0.32| 645 | 784 | 0.31 | .49 | 84 109 0.12 | .17 | 426 | 595 | 0.24 | .37 | 126 174 0.08 | .12
3 %1299‘ 642 | 782 | 0.16 | 25 | 83 | 109 | 024 | 38 | 424 | 595 | 024 | 35 | 126 | 174 | 0.08 | .11
L1y Ol% |642| 778 | 016 | 21 | 83 | 109 | 024 | 33 | 424 | 591 | 024 | 31 | 126 | 174 | 0.08 | .12
5 | 955 |e4a| 778 [ 016 | 22 | 83 | 109 [ 012 | .18 | 424 | 591 | 024 | 34 | 126 | 174 | 0.0 | 0.0
6 0.0 [ 643 | 780 | 0.0 | 0.0 | 83 | 109 | 0.0 [ 0.0 | 425 [ 593 | 0.0 | 0.0 | 126 | 174 [ 0.0 | 0.0
Contract Sell (89) and Buy (23) Sell (89) and Buy (83) Sell (89,87) and Buy (23,83) Sell (89) and Buy (/5)
1 00 [ 278 358 [ 0.0 | 0.0 | 285 | 373 [ 0.0 [ 0.0 | 286 | 369 | 0.0 [ 0.0 | 310 [ 390 [ 0.0
2 | 9% 1279 | 356 | 047 | 68 | 284 | 372 [ 0.14 | 19 | 284 | 373 | 067 | 1.05 | 312 | 393 | 048 | .70
3| %2 | 278|357 [ 018 | 25 | 284 | 379 [ 032 | 49 | 285 | 370 | 018 | 28 | 310 | 391 | 0.03 | 20
2| 4 0% 1277|357 | 018 | 24 | 285 | 374 | 0.04 | 13 | 286 | 368 | 0.11 | .15 | 310 | 389 | 0.16 | .21
5 | 99% 1277 | 358 [ 004 | 05 | 285 | 374 | 0.04 | 18 | 286 | 369 | 0.04 | .06 | 310 | 391 | 0.03 | .13
6 | Q9% 1278|358 | 00 | .01 | 285 | 373 | 0.04 | .06 | 286 | 369 | 0.0 | 0.02 | 310 | 390 | 0.0 | 0.0
Contract Sell (33) and Buy (149) Sell (32) and Buy (108) Sell (34) and Buy (20,63) Sell (31) and Buy (91)
1 00 [ 4261 575 | 00 [ 0.0 | 664 | 810 | 0.0 | 0.0 | 299 | 366 [ 0.0 | 0.0 | 755 | 961 [ 0.0 | 0.0
2 | 2% 1418|592 | 191 [290 | 677 | 788 | 1.92 | 2.75 | 308 | 351 | 2.92 | 414 | 747 | 946 | 1.07 | 153
3 | Q2 424 | 579 | 047 [0.70 | 662 | 807 | 0.30 | .39 | 301 | 370 | 0.66 | 1.02 | 759 | 954 | 0.53 | .71
31 4 03 1425 | 577 | 024 | 38 | 663 | 808 | 0.15 | .20 | 298 | 364 | 034 | 48 | 753 | 958 | 0.27 | 36
5 | 9% |425| 577 | 024 | 36 | 663 | 808 | 0.15 | .21 | 208 | 368 | 034 | .53 | 754 | 960 | 0.13 | .17
6 | %1% | 426|575 | 00 | .07 | 665 | 811 [ 0.15 | .17 | 209 | 366 | 0.0 | 0.03 | 756 | 960 | 0.13 | .14
Contract Sell (43) and Buy (142) Sell (42) and Buy (139) Sell (44) and Buy (141 143) Sell (41) and Buy (132)
i 0.0 [ 449 ] 600 | 0.0 | 0.0 | 388 | 506 | 0.0 | 0.0 | 502 | 697 0.0 | 324 [ 443 | 00 | 0.0
2 | 28 | 447 | 597 | 031 | 42 | 387 | 504 | 026 | .34 | 500 | 701 | 034 | 52 | 325 | 442 | 0.15 | 21
3 | g5 | 448 | 602 [ 018 | 29 | 387 | 504 | 0.23 | 31 | 503 | 695 | 0.18 | .26 | 324 | 443 | 0.03 | .05
414 67 1449 | 599 | 0.02 | 11 | 388 | 507 | 0.08 | .12 | 502 | 697 | 0.04 | .06 | 325 | 442 | 0.09 | .12
5 | 5 | 449 | 600 | 00 | .06 | 388 | 506 [ 0.05 | .07 | 502 | 697 | 0.02 | .04 | 324 | 443 | 0.03 | .04
6 | o | 449 | 600 | 0.0 | .04 | 388 | 506 [ 0.03 | .04 | 502 | 697 | 0.0 | 0.0 | 324 | 443 | 0.03 | .04
Contract Sell (t400) and Buy (d132) Sell (sh400) and Buy (b132) Sell (t400,f400), Buy (s132) Sell (f400) and Buy (f132)
i 0.0 | 485 | 625 0.0 | 945 [ 1168 | 0.0 ] 0.0 | 557 | 724 [ 0.0 | 0.0 | 877 | 1178 ] 0.0 [ 0.0
2 | 5% 466 | 592 | 4.08 539 | 972 | 1124 [ 278 | 3.78 | 585 | 677 | 479 | 655 | 861 | 1212 | 1.86 | 2.89
3 | %45 | 470 | 654 | 319 | 4.69 | 928 | 1140 | 1.83 | 2.44 | 537 | 764 | 3.72 | 5.48 | 890 | 1156 | 142 | 1.87
S| 4 110535 480 | 616 | 1.04 | 1.44 | 942 | 1163 | 032 | 43 | 548 | 743 | 1.64 | 2.59 | 872 | 1168 | 0.57 | .81
5 %23‘; 486 | 627 | 021 | 32 | 947 | 1172 | 021 | 33 | 555 | 728 | 036 | .58 | 876 | 1176 | 0.11 | .15
6 | %X | 484 | 624 | 021 | 30 | 944 | 1169 [ 0.11 | .15 | 556 | 726 | 018 | .28 | 876 | 1176 | 0.11 | .14
Contract Sell (134) and Buy (4257) Sell (78) and Buy (3765) Sel (19?;‘5516%;‘“‘1 Buy Sell (25) and Buy (2221)
i 0.0 | 4781 676 ] 0.0 ] 0.0 | 363 ] 499 | 0.0 ] 0.0 | 578 [ 731 | 0.0 [ 0.0 | 591 | 723 ] 0.0 | 0.0
2 | %35 | 489 | 655 | 225 | 3.07 | 380 | 469 | 4.48 | 6.06 | 570 | 717 | 1.40 | 1.95 | 552 | 653 | 7.07 | 9.75
3| Sop | 471 662 | 149 | 215 | 357 | 512 | 1.68 | 2.63 | 557 | 692 | 3.77 | 538 | 573 | 757 | 3.14 | 4.73
61 4 S%s | 473 | 666 | 1.06 | 1.53 | 350 | 528 | 3.71 | 5.86 | 565 | 755 | 230 | 3.34 | 578 | 749 | 2.25 | 3.52
5 | LLG | 4s2| 667 | 083 | 1.09 | 356 | 514 | 1.97 [ 3.06 | 576 | 735 | 035 | .55 | 588 | 729 | 0.51 | 0.80
6 | %1% | 478 | 675 | 00 [022| 362 | 497 [ 028 | 20 | 577 | 730 | 017 | .15 | 590 | 721 | 0.17 | .20
Contract Sell (3) and Buy (162) Sell (2) an Buy (632) Sell (3,4) and Buy (570,942) Sell (1) and Buy (943)
i 0.0 | 984 [ 1281 ] 0.0 | 0.0 | 746 | 1012 | 0.0 | 0.0 | 8/9 | 1259 | 0.0 | 0.0 | 935 | 1244 [ 0.0 | 0.0
2 | %% | 953 | 1222 | 323 | 465 | 710 | 939 | 5.11 | 7.24 | 863 | 1226 | 1.87 | 2.64 | 861 | 1405 | 8.63 | 12.9
3 | 5% | 965 | 1321 | 1.98 | 311 | 730 | 980 | 2.22 | 3.19 | 845 | 1192 | 3.98 | 536 | 899 | 1324 | 4.11 | 6.40
7| 4 23'45?%_ 973 | 1305 | 1.21 | 1.89 | 723 | 969 | 3.23 | 421 | 858 | 1309 | 2.49 | 3.96 | 914 | 1290 | 2.34 | 3.70
5 | 9% | 978 | 1204 | 067 | 1.01 | 736 | 993 | 1.43 | 1.89 | 875 | 1269 | 049 | 0.76 | 927 | 1257 | 0.68 | 1.06
6 | Q9 | 984 | 1280 | 0.04 | .06 | 745 | 1011 [ 0.09 | 12 | 878 | 1260 | 0.09 | .14 | 934 | 1243 | 0.11 | .11

50
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CONCLUSION

A new algorithm based on differential power flow
equations and Newton-Raphson-Seydel was
developed to calculate static available
transmission capacity. In this paper, a power
controller called a Variable Frequency
Transformer is used to increase power. This
controller complicates calculations. Several test
systems were examined, including standard
IEEE systems as well as large-scale and practical
utility systems, to demonstrate the method's
ability. The new method increases calculation
speed and reduces calculation error compared to
existing methods with VFT. Accordingly, the
proposed SATC method provides accurate results
while taking less CPU time to complete than
other methods. As a result, the proposed method
has the potential to be applieg online in large
transmission and distribution networks with
VFT.
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