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ABSTRACT The separation of transmission and distribution systems raises a variety of questions concerning
the integration of many distributed generators (DGs) into future grids. They are difficult to solve by using
current energy management methods. Especially, the cooperative control between transmission system
operator (TSO) and distribution system operator (DSO) has been increasingly emphasized to manage the line
congestion. This paper proposes a new cooperative control of TSO-DSO based on the generation-load power
sensitivity analysis. To minimize the required computational effort and data communication, the information
of TSO and DSO is processed separately in the generation-load power sensitivity matrix of power system.
The proposed cooperative control is implemented by three-step process, which is aggregation, specification,
and local distribution. Firstly, the DSOs aggregate the flexibility area of DGs in their networks, and they
inform the TSO of the feasible operation regions (FORs). Then, the TSO sends the power references at the
boundary buses to many DSOs. Thereafter, the DSOs use these references as loads to calculate the detailed
power references for their generators. As the result, the net power of DSOs satisfies the power references
requested by the TSO. The case studies are carried out to verify the effectiveness of proposed control. The
results show that when the load is increased by 20%, the overall average of line loading is decreased by
4.34% with the proposed control. Also, when the generator of 634 MW is disconnected, the frequency nadir
is increased by 0.1 Hz compared with the P-f droop control.

INDEX TERMS Cooperative control, distributed generator, distribution system operator, flexibility, fre-
quency response, line congestion, transmission system operator.

I. INTRODUCTION governments of major developed countries are giving strength
A. MOTIVATION AND INCITEMENT to this movement while promoting the rapid expansion of
Recently, worldwide attention is being focused on envi- distributed generators (DGs) [4]. However, there is no perfect
ronmental concerns in the aftermath of the COVID-19 solution at this moment to achieve the high penetration of

pandemic [1]. In this situation, more than 70 countries have renewables into power systems. In other words, the expansion
pledged to achieve net zero by 2050 [2]. They include the of DGs raises many questions about the operational stability
biggest emitters that cover 76% of global emissions, such and reliability of power system [5].

as China, United States, India, and the European Union [3].
As a part of ‘Net-Zero 2050°, power systems continue to

increase their reliance on renewable energy generation. The B. LITERATURE REVIEW

Recent studies report the importance of interactions between
The associate editor coordinating the review of this manuscript and transmission and distribution systems, where many DGs
approving it for publication was Peter Palensky . are located. In particular, they emphasize the cooperation
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between transmission system operator (TSO) and distribution
system operator (DSO). The main objective of cooperation is
the congestion management of system with many DGs [6].
To do so, the DSO must not only make a market clearing
price, but also give its proper operating points based on the
feasible operation regions (FORs) calculated by the aggre-
gation of flexibilities of DGs. This role of DSO is the most
important for distribution systems because it is difficult to
effectively process all real-time information of large-scale
power systems at once. For the adequate support tools of
preventive operation and management, it is reported in [6]
that the DSO must take the advantage of power flexibility
of DG not only for solving the potential line congestion and
frequency problems, but also for dealing with the uncertain
and variable power generation in a power system. In [7],
it is required for the DSOs to distribute the DGs because the
decentralized market framework to consider loss allocation
and its impact on the market outcome is not compatible
with the current market structures. Also, [8] describes the
existence of flexibility markets or flexibility contracts, where
the DSO can be an active player by purchasing or requiring
flexibility volumes for the main role of DSO. Moreover,
it is reported in [9] that the demand response aggregators
are market participants in Finland, and the only DSOs are
allowed to provide unlimited aggregator access to the smart
meters. In [10] and [11], the synchronous power stations
have historically provided ancillary services to the TSOs for
the reliable and secure power system. However, because the
DGs are largely present in distribution systems nowadays,
the new ancillary services like congestion management are
also required for the DSOs by enhancing the cooperative
coordination between TSO and DSOs.

Many studies for the cooperation between TSO and DSO,
[12], [13], [14], [15], [16], [17], [18] have covered the issues
related to optimal power flow, unit commitment, economic
dispatch, contingency analysis, distributed restoration, and
assessment of stability and reliability, etc. Nowadays, the
DSO must take advantage of the power flexibility of DG
to meet these requirements by handling the aggregation of
flexibilities properly. Furthermore, the methods to accurately
dispatch the powers from generators to distribution networks
are presented in some studies based on the use of FOR.
However, there are very few studies dealing with system
frequency stabilities, which is also important for operating
both TSO and DSO systems. For example, the method to
find the optimal market price was studied with TSO-DSO
coordination in [7] and [19]. That is, the framework of market
participation was presented in [7] with the generators in both
the TSO and DSO. Parallel computing was used to find the
market price via optimal power flow in [19]. However, they
did not consider the flexibility of DGs. In [20], the random
sampling method was presented to calculate the FOR. How-
ever, it did not describe how to dispatch the powers from DGs
based on the result of FOR calculation. In [21], the method
for finding the market price was proposed by using the sta-
tistical learning. In [22], the cost-optimal disaggregation of
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FOR was presented by calculating the FOR based on the
Minkowski sum. However, they did not make the analysis
for the impact on improving the system response. In [23],
the method for deriving the aggregated var capability curve at
TSO-DSO interface was proposed. The impact of aggregated
DER var support on grid voltages was analyzed when the line
contingency occurs. However, the computational burden of
method was not considered. In [24], the look-ahead multi-
interval framework was used for the TSO-DSO operational
coordination and the voltage and congestion problems were
successfully solved.

The comparison of the proposed and other TSO-DSO
cooperation methods is summarized in Table 1. In summary,
the calculation of FOR has not been considered in some
of the studies about the cooperative control of TSO-DSO.
Moreover, there are not many TSO-DSO studies verifying
the effectiveness to improve the frequency response. Also,
analyzing the computational burden of cooperation between
TSO and DSO is an important issue for the communica-
tion between them, but there are less studies calculating the
computational or communicational burden of their control
methods.

C. CONTRIBUTION AND PAPER ORGANIZATION

This paper proposes the new cooperative control of
TSO-DSO based on generation-load power sensitivity anal-
ysis. First, the DSOs provide the FORs of their networks
to the TSO by using Minkowski sum. Then, the TSO cal-
culates the power references for the DSO. Next, the DSO
calculates the detailed power references for the DGs. This
enables the net power of DSOs to satisfy the power references
required by the TSO while avoiding the huge additional com-
putational resources. Moreover, the proposed cooperative
control of TSO-DSO enhances the dynamic system response
by allocating powers effectively. The major contributions of
this paper are summarized as follows:

« By applying the generation-load power sensitivity anal-
ysis, the powers between the generators (including DGs)
are allocated properly and effectively.

o The proposed cooperative control of TSO-DSO man-
ages the line congestion and improves the frequency
response of system effectively.

o The proposed approach can effectively reduce the com-
putational burden required for the cooperative control
between TSO and DSOs when compared to a centralized
control approach.

The paper is organized as follows. Section II explains
the details of proposed cooperative control of TSO-DSO
based on the generation-load power sensitivity. In particu-
lar, the computational complexity analysis by the proposed
cooperative control is carefully made. Then, Section III
verifies the effectiveness of proposed cooperative con-
trol with case studies by using the DIgSILENT Pow-
erFactory@ software. Finally, conclusions are addressed
in Section IV.
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TABLE 1. Comparison of TSO-DSO cooperation methods.

Algorithm Consideration of Calculation of FOR Method for Improvement of Consideration of
s DG Flexibility DG dispatch system response complexity
Diagonal quadratic .
approximation [19] No No Optimal power flow No No
Random samplin,
Random sampling [20] Yes R piing, No No No
optimal power flow
Contextual price-aware Yes No Statistical learning No No
approach [21]
Cos.t—optlmal flemblhty Yes Minkowski sum ;ost—optlmal No No
disaggregation [22] disaggregation
Var capability estimation [23] Yes Optimal power flow Optimal power flow Voltage No
Look-ahead multi-interval Yes No Look-ahead multi- Line congestion Yes
framework [24] interval framework and voltage
SIUEN R LI Power sensitivit Line congestion
sensitivity Yes Minkowski sum Y 8 Yes

(Proposed method)

analysis and frequency

Il. PROPOSED COOPERATIVE CONTROL OF TSO-DSO

A. GENERATION-LOAD POWER SENSITIVITY ANALYSIS
The generation-load power sensitivity analysis [25] can be
used to effectively and operate the power system with the high
penetration of renewables by adaptively allocating the real
and reactive powers to many DGs. The generation-load power
sensitivity is initially derived from the power flow analysis.
For power system with n buses, the active and reactive powers
at bus i are calculated as

n

Pi=Z|V,-| |Vi| || cos(8y — 8; + 8). (1
=1
jn

Qi = D Vil [Vj] | Yy sin(®y — 8; + ). @
j=1

where P; and Q; are the active and reactive powers at bus
i. Vi and V; are the voltage magnitudes at buses i and j,
respectively. §; and §; are the voltage phase angles at buses
i and j, respectively. Also, |Yij| and 8ij are the magnitude and
angle of admittance matrix element between buses i and j,
respectively. By expanding (1) and (2) based on the Taylor
expansion, the general power flow analysis can be formulated
as

Ad) APy
Ay, APy,
Ab, g vt | ap,
= 06 10) ' > (3)
AV J J AQ>
AV, AOm
| AV, | | AQy |

VOLUME 12, 2024

where n is the number of buses in power system, and m is
the number of DG buses. The Jacobian matrix J is com-
posed of the sub-matrices JP8 JPV_ J9 . and J9V, which
are the partial derivatives of real and reactive powers with
respect to the phase angles and magnitudes of bus voltages,
respectively. However, there might be cases that J is singu-
lar or near singular, and the power flow solution cannot be
obtained by using (3), although the systems are still solv-
able [26]. Therefore, the equation (3) is modified by (4) with
Levenberg-Marquardt method [27] as

Ao AP>
Ady, AP,
A.(Sn T . T -1 T A.Pn
T N |
AV (73 +2diag D] 0T | S o
: K :
AV, AQn
| AV, | | AQn |

“

where A is damping factor. Note that A is zero when J is
not singular, and therefore the system is well-conditioned.
Otherwise, A with small positive constant is chosen (i.e., A
> 0) to solve the power flow equation. Then, the matrix K is
defined as

8P
Sk

KSP
KVP KVQ i|
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8P sP 30 30 7
Kz,z T Kz,n Kz,z K2,n
5P 5P| o8 s
| KL K K o K% -
- VP VP Vo Vo
Kz,z T Kz,n Kz,z T K2,n
e V| v v
| K2 Kl k)G K

where K°F, K92, K7, and KY€ are submatrices. Note that
the power mismatches in the right-hand side of (4) can be
separated into generation and load mismatches. As the result,
the phase angle and voltage magnitude mismatches in DG
buses can be re-formulated as

- APy
[ AS) ] [ APy ] —A:PmL
i Ai/m ] i AQ:mG ] —A:QmL

| 0, |

(6)

where P;; and Q¢ are the real and reactive powers provided
from DG bus i, respectively. P;;, and Q;; are the real and
reactive power consumptions in bus i, respectively. Also, the
dimensions of K*¢ and K" are 2(m — 1) x 2(m — 1) and
2(m — 1) x 2(n — 1), respectively, and they are given as

g oP 5P 30 30 7
Kyo o Ky | K Kyom
5P R 5
o Ko KL KS o K
| gy ... gVP Y2 ... kYO |’
2,2 2,m 2,2 2,m
VP CevP | v Vi
K5 KW ng K22, i
)
- oP 5P| 80 50 7
Kyo o Ky | Ko oo Ky
5P b | s 5
— K Ko Km,Qz kb2
- KVP . KVP KVQ . KVQ
2,2 2.n 2,2 2.n
VP eV | v Vi
kYD KYP Km% D a4 i
®
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(a) Conventional SO

(¢) Cooperative Control of TSO-DSO
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(b) Integrated TSO-DSO

Power Flow Analysis
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FIGURE 1. Three operations of power system: (a) conventional operation,
(b) integrated TSO-DSO operation based on the generation-load power
sensitivity, (c) the proposed cooperative control of TSO-DSOs.

Then, the sensitivity matrix S is finally derived as

—APy;,
[ APy ] — APy,
AP, so1—1 AP,
[ K q . KFOW . _—--n , 9
A0 (K] —a0x |0 @
§ :
L AQmG _ _AQmL
AQy
Sll S12 1 ;
B |:821 g2 | =—[KY] - K™, (10

where S'!, §12 821 and 8?2 are im — 1) x (n — 1) sub-
matrices. Note that if all DG buses specify the phase angle
and magnitude of voltage as physical slack bus, the term in
left-hand side of (6) becomes zero. More details about the
generation-load power sensitivity analysis are given in [25].

B. COOPERATIVE CONTROL OF TSO-DSO BASED ON
POWER SENSITIVITY ANALYSIS
The conventional power flow analysis has been separately
applied into transmission and distribution systems, as shown
in Fig. 1(a), because of their huge size. In other words, the
TSO operates the power system without any information from
the DSOs. For this case, the distribution network is modeled
as a load injection, which is estimated from its substation.
Likewise, the DSOs mostly operate their networks without
the close interactions with the TSO. Therefore, the trans-
mission system is modelled by the voltage source, which is
measured at the substation. In summary, the TSO and DSO
are blind to each other for their operations by the conventional
methods [15].

However, when the penetration of renewables in distribu-
tion systems is becoming high, it will be no longer possible
to simplify the impact of DSOs on the TSO as a load
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injection. Thus, the cooperative control between the TSO
and DSOs becomes one of the most important issues. The
sensitivity-based analyses are able to contribute to the effec-
tive integration of TSO-DSO, as shown in Fig. 1(b). However,
its implementation is not easy. For example, even though
there are both integral parts of interconnected power systems,
they are reluctant to share their sensitive system data [19].
Thus, a central scheduling framework in Fig. 1(b), where all
TSOs and DSOs share the system information, may not be
proper for their entire operation [28]. Moreover, even if all
TSOs and DSOs share their data, the large computational
effort is required to solve the power flow problem.

In other words, the Jacobian matrix of overall system
becomes much larger than that obtained in the case of
Fig. 1(a). As the result, it makes more difficult to find the
optimal power allocation between the generators by using the
generation-load power sensitivity analysis.

To handle this, the proposed cooperative control of
TSO-DSO applies the generation-load power sensitivity anal-
ysis independently to each TSO and DSO in single group,
as shown in Fig. 1(c). The TSO has the sensitivity matrix,
Stso, which is the submatrix of S containing the buses of
transmission system and the boundary buses. Likewise, each
DSO has its sensitivity matrix, Spso, which is another sub-
matrix of S including the buses of each distribution network
and boundary bus. Firstly, the DSOs aggregate the flexibility
areas of DGs to determine their FORs, and they provide this
FOR information to the TSO. Then, the TSO calculates the
power references at the boundary buses, which are Pg and
0Op, with Stso. Thereafter, the TSO sends them to the DSOs.
Finally, each DSO handles them as virtual loads to compute
the proper power references for the DGs with Pp, Op, and
Spso. As the result, the DSOs can effectively distribute the
power generations of the DGs in response to any contingences
causing the power imbalances.

C. IMPLEMENTATION OF PROPOSED COOPERATIVE
CONTROL

As shown in Fig. 2, the proposed cooperative control is
implemented by three-step process, which is the bottom-up
aggregation ([20], [22], [28], [29]), top-down specification,
and local distribution. The first step of bottom-up aggregation
(as shown in Fig. 2(a)) is to collect the flexibility areas of
all DGs in a distribution system. Note that each DG is a
flexible power generation unit, and it is decentralized from
the grid. Then, each of the flexibility polygons is divided into
five types [30], [31], [32] depending on the different types of
generators and loads, as shown in Fig. 3.

Most DGs have the uncertain deviations in the power
output due to continuous changes in wind conditions, solar
irradiation, or load fluctuations. Therefore, this uncertainty
can be considered when the FOR is calculated. In this paper,
the chance-constraints are used to allow the DSOs to adjust
the level of conservatism in the FOR model [33]. To this
end, the chance-constrained expression for the i-th DG power
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output can be defined as
P{pi+Ari,q)eFi} <1—e¢ (11)

where p; and g; are the forecasted real and reactive output
of i-th DG, respectively, F; is the set of i-th DG flexibility,
(1-¢) is the desired constraint satisfaction probability, P{-} is
the transformation of inequality constraint into a chance con-
straint, and A; is the uncertainty margin to tighten the original
constraint [34]. With the consideration of uncertainty, each
DSO calculates the FOR, which includes the grid operating
points observed at the TSO-DSO interconnection point. Then,
the DSO sends the FOR information to the TSO so that the
TSO can compute the required power references based on the
sensitivity analysis.

In the second step of top-down specification (as shown in
Fig. 2(b)), the TSO effectively allocates powers between the
generators installed in the transmission system and boundary
buses in response to any power imbalances. By modifying (9),
this is achieved as

APr G
APB APT L i|
=S . ’ , 12
AQr 6 150 [AQﬁL (12)
AQp

where the subscripts, (7,G) and (T, L) represent the generation
and load at buses of transmission system, respectively. Also,
APp and AQp are the change of real and reactive power
references at the boundary buses, respectively. Then, the TSO
is required to compare the FORs with the power references
because their calculated values may be larger than the maxi-
mum powers, which each DSO can transmit. Suppose that the
i-th DSO has the FOR of which the boundary is approximated
by fi=0, and (AP% and AQ%) are calculated by (12), where
Py and Qp are initial real and reactive power reference,
respectively. Then, there are two possible cases depending
on the FOR and new power reference, as shown in Fig. 4.
In most cases, the point of new power reference at PQ-plane,
B, (P + APy, 0% + AQY), is within the boundary of FOR
while satisfying f; (P + APy, Qp + AQj) < 0, as shown in
Fig. 4(a). For this case, the TSO simply specifies the reference
values to the DSOs. However, if the maximum power that
the DSO can provide is small or a large fault occurs, ﬁ(PiB
+ APy, Qp + AQp) becomes greater than 0. This means
that it locates outside the boundary of FOR, as shown in
Fig. 4(b). In this case, the iterative computation is needed
to ensure the optimality of control [35]. That is, the TSO
must re-calculate the power references for the i-th DSO with
(AP%,updaze and AQfB’Mpdm). They are obtained by solving
the following optimization problem to minimize the distance
between By, (P + APy, O + AQp) and B, ., (Py +
AP}iupdm, Op + AQ};’updm) at PQ-plane while satisfying f;
=0as

min {(APfB,update - AP;?)Z + (AQé?,update - AQ%)Z}
(13)
S't'fi(Pi? + AP;?,update’ QES’ + AQ;S,update) =0. (14)
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FIGURE 2. The framework of proposed three-step cooperative control process: (a) aggregation, (b) specification, (c) distribution.
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FIGURE 3. Five types of flexibility polygons of each DG at PQ-plane.
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FIGURE 4. Two cases for specifying the power references: (a) f; (B{',ew) <
0, (b) f; (Ble,) > O.

After determining the updated power reference for the i-
th DSO, the j-th DSO needs to make up for the difference.
To allocate the power references most effectively, the differ-
ence in power goes to the DSO which is the most sensitive
among the DSOs. Then, from the generation-load sensitivity
analysis, the largest power generation is allocated to the most
sensitive bus to the change. In other words, j can be defined
as

j= argmax {(APZ)2 + (AQ;‘;)Z} (15)
s.t. f(Py+ AP, Qb +AQp) <0.  (16)
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The updated power reference for the j-th DSO is the sum of
new power reference calculated by using (12) and the remain-
ing power from the i-th DSO. When the j-th DSO needs to
make up for a large amount of remaining power, it might be
outside the boundary of the FOR, as shown in Fig. 4(b). For
this case, the process to re-calculate the reference is repeated
for the j-th DSO by solving the optimization problem in (13)
again.

If a line congestion occurs, the power reference is mod-
ified to satisfy the branch flow limits [36]. In other words,
the objective function minimizes the sum of distances
between the modified power reference deviations (AP};’mo R
AQ;.;’ moq) @nd previous power reference deviations calculated
in advance (APL, AQfB) as (17)—(21), shown at the bottom
of the next page, where Pj; and Q;; are real and reactive
powers of branch flow at line i-j, respectively. Also, Sir}’ax is
the branch flow limit at line i-j.

After completing the procedure to adjust the power refer-
ences for all DSOs, the TSO sends them to each DSO and
distributes the power of generators that can be operated as
virtual slack by using APr ¢ and AQr ¢ in (12). The final
step is the local distribution as shown in Fig. 2(c). On receiv-
ing the power reference at boundary bus from the TSO, each
DSO calculates how to allocate the powers optimally between
the DGs in the distribution system. For the i-th DSO, this can
be carried out as

APp .
APp G AP
[—] =Spso - | 2|, (22)
AQp,g AQp,L
AQp

where the subscripts (D, G) and (D, L) represent the generation
and load at the buses of distribution system, respectively.
Also, APj'3 and AQfB is the i-th element of vectors, APg and
AQp, respectively. The TSO calculates the power references
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for all distribution systems connected with the transmission
system (these make up for the vectors, APg and AQp).
However, each DSO needs to receive one element (AP;:,3 and
AQ}) corresponding to the distribution network.

The DSO manages the power generations between the DGs
based on the same procedure, which is used to calculate
the power references between the DSOs. Thus, the DSO
identifies whether the power reference of i-th DG calculated
by (22), (Pp g + AP g Qp g + AQp ) is inside the
flexibility area at PQ-plane as Fig. 4. If it is outside this area,
the power reference is re-calculated by (13)—(16). Finally,
the real and reactive powers are properly allocated to all
generators in the TSO-DSO system. The overall flowchart of
proposed cooperative control is shown in Fig. 5.

D. COMPUTATIONAL BURDEN OF PROPOSED
COOPERATIVE CONTROL

To analyze the computational burden of proposed cooperative
control, there are three issues to be considered. They are the
calculation of FOR, re-calculation of power references, and
computation of power sensitivity matrix.

The calculation of FOR is solved by using Minkowski
sum, which is used for the aggregation of flexibility in many
studies [37], [38], [39]. The Minkowski sum of two sets of
position vectors, A and B in Euclidean space is formed by
adding each vector in A to each vector in B as

A+B={a+b|lac A, b € B} (23)

In general, if two sets A and B are convex polygons in
R?, the implementation of Minkowski sum is straightforward.
Then, the computational complexity for summing two convex
flexibility polygons is O(m + n), where m and n are the
numbers of vertices of A and B, respectively [39]. Note that
the flexibilities of DGs have been defined by the convex
polygons in many DSO studies, as shown in Fig. 3. Therefore,
the computational complexity of calculating FOR is O(n),
where n is the number of DGs. As the result, the calculation
of FOR is not a big burden even in a practical system with
many DGs.

The FOR is the result of summing the flexibility polygons
of DGs, and it can be defined as the polygon in PQ-plane.
Then, the power reference point is easily obtained by the
optimization process to find the minimum distance from the
FOR to this polygon [40]. The computational complexity for

calculating the distance from point to polygon depends on
the order of the number of vertices [41]. As the result, the
maximum computational complexity for re-calculating the
power references is O(n - m), where n and m are the numbers
of DGs and DSOs, respectively.

The calculation of power sensitivity matrix requires to
take inverse of Jacobian matrix via the power flow analysis.
In general, the computational complexity of inverse of n x
n matrix is O(n®) when the Gaussian elimination method
is used [42]. Considering the size of Jacobian matrix is
proportional to n number of buses, the complexity of cal-
culating the power sensitivity matrix is O(n?). Differently
from the centralized control approach shown in Fig. 1(b)
(which requires to calculate entire power sensitivity matrix
of integrated TSO-all DSOs system at once), the proposed
cooperative control can reduce the size of power sensitivity
matrix much smaller by considering the required coordina-
tion between the TSO and each DSO separately, as shown in
Fig. 1(c).

In summary, the proposed approach can effectively reduce
the computational burden required for the cooperative coor-
dination between TSO and DSOs when compared to a
centralized control approach. Also, the communicational bur-
den is low, because the data used in the protocols is the
coordinates of FOR and the power references which are just
simple numbers, and the entire algorithm is implemented
without any training process.

Ill. EVALUATION OF PERFORMANCE
The performance of proposed cooperative control of
TSO-DSO is evaluated by carrying out several case studies
on the IEEE 39-bus test system in Fig. 6. It has 10 generators,
19 loads, and four DSO systems, which are connected at
buses 2, 9, 17, and 22. As shown in Fig. 7, each DSO system
consists of four modified IEEE 33-bus radial distribution
systems. The first distribution system has 33 buses and 3 DGs
(DG1, DG2, and DG3), which are connected to buses 2, 22,
and 33, respectively. The DG1 and DG3 have the character-
istic of flexibility polygons of Type I. On the other hand, the
DG?2 has that of Type III. The maximum real power output
from each DG is 15 MW. The other radial distribution systems
are the same as the first one.

For the proposed cooperative control of TSO-DSO, the
TSO firstly calculates the sensitivity matrix of system by (10).

. AP: _ AP! 2 A i _ A iN2 17
PB,mud» 518],20(1, V,0 (ZI: \/( B,mod B) + ( QB,mod QB) ) ( )
st fiPg+ APy ogs O+ AQj pg) <0, as)
P = Vil |vii] {IVil cos(8; — 8) — | Vj| cos(6; — 8; + 8))} . (19)
2 2 2
(Py)* + (00" = (sp=) . on
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DSO TS0

v

Calculate the FOR
by Minkowski sum

»| Calculate[ AP, . AQ; | by (12)

(Py +AP;.Q; +AQp)

Calculate | AP, . A by (22) &
[ pe QDG] v(22) locates outside the FOR?

Re-calculate [APEupdma'AQEJ'Mms] No
by (13)-{16)

(Ppgs +APps.Qps+AQ5s)
locates outside the flexibility?

z

o

Re-calculate |:APD G;.pdm»AQD G rpduls]
by (13)-(16)

Line congestion occurs?

Modify [ AP e 8Q5 s |
by (17)-(21)

End ——

FIGURE 5. Flowchart of the proposed cooperative control of TSO-DSO.

#29
8 )

#55
o
] DSO3 P‘fs‘
o T s :
<
#33
@ “J DSO4
-

DSO2

FIGURE 6. Single-line diagram of the IEEE 39-bus test system with four
DSO systems.

The real power sensitivity heatmap, which visualizes the rela-
tionships between the systems of TSO and DSOs, is shown in
Fig. 8. Note that there are no sensitivity elements at bus 31,
which is a slack bus. This is because the power flow at
the slack bus is not the target to be controlled. Thus, this
corresponding sensitivity element is not needed. By using
this heatmap, the TSO can figure out which DSO is electri-
cally close to the buses of transmission system. As shown in
Fig. 8, the DSO3 is electrically close to many buses with the
relatively higher degree of real power sensitivity. In contrast,
there are not many buses related to the DSO2 except for the
bus 9, which is the boundary bus of DSO2.
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FIGURE 7. Single-line diagram of each DSO system with four modified
IEEE 33-bus radial distribution systems.
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5 10 15 20 25 30 36
Bus Number

FIGURE 8. The real power sensitivity heatmap with respect to the
relationship between the TSO and DSOs.

A. MANAGEMENT OF LINE CONGESTION

To verify the effectiveness of proposed cooperative control,
the big load change is applied. In other words, it is assumed
that the load demand at bus 39 in Fig. 6 is suddenly increased
from 1104 MW to 1325 MW by 20%.

Note that the power references for four DSOs depend on
the magnitudes of their power sensitivities in Fig. 8. For this
case, they are larger in the order of (DSO2, DSO1, DSO4,
and DSO3), as shown in Fig. 9, while indicating the point
of power references and FORs at PQ-plane. The initial and
new power references are marked with black and blue crosses,
respectively.

It is clearly observed that all power references are inside
their FORs. As the result, the new power references (B,
B2,,, B}, and B}, ) calculated by using (12) are sent to all
DSOs. After that, when the DSOs distribute their DGs, the
power references for all DGs are calculated by using (22)
again, while checking whether their power references are
inside the flexibility areas of DGs at PQ-plane shown in
Fig. 10, where they are marked with blue crosses. It is
observed that these points are inside the flexibility areas of
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FIGURE 9. Power references and FORs of four DSOs when the load at
bus 39 is suddenly increased: (a) DSO1, (b) DSO2, (c) DSO3, (d) DSO4.
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FIGURE 10. Power references and flexibility areas of DGs at the first
radial distribution system when the load at bus 39 is suddenly increased:
(a) DSO1, (b) DSO2, (c) DSO3, (d) DSOA4.

DGs in the first radial system. The same results are obtained
in the other radial systems. Thus, the DSO simply distributes
the reference values as blue crosses.

Then, the results of line loadings at five transmission lines,
which have high loading capacity after the load is increased,
are given in Table 2.

It is observed that the serious transmission constraint
problem occurs at line 21-22 with the loading capacity of
102.25%. This is because the power output from G6, which
is close to line 21-22, is increased from 650 MW to 666 MW
by 2.4%. In contrast, its loading capacity is reduced from
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TABLE 2. Results of line loadings in TSO system.

Before load After load is increased
Line 5 'ncz/eaSEd Without proposed With proposed
%] control [%] control [%]
21-22 99.08 102.25 98.97
16-19 81.90 85.14 81.73
5-6 76.22 77.93 76.16
6-7 71.88 79.09 71.69
10-11 61.43 67.09 61.27
Overall 78.10 82.30 77.96
average
Q Q
DSO1 DSO2
B, B,
> & P x P
-120 180 -120 180
(a) (b)
Q g
DSO3 DSO4
B .= B B B! .
x X " p X T P
-120 180 -120 180
(c) (d)

FIGURE 11. Power references and FORs of four DSOs when the G4 at
bus 33 is suddenly disconnected: (a) DSO1, (b) DSO2, (c) DSO3, (d) DSO4.

99.08% to 98.97% by the proposed cooperative control
method, by which the required powers are provided from the
DSO1 and DSO?2, while the power output from G6 is rather
decreased very slightly from 650 MW to 649 MW. Moreover,
overall average of line loading of 5 transmission lines is also
decreased from 78.10% to 77.96%. This result clearly verifies
that the line congestion problem is effectively handled by the
proposed method.

B. FREQUENCY STABILITY FOR GENERATORR TRIP

To evaluate the effect of proposed method on frequency sta-
bility, the large generator, G4 at bus 33 in Fig. 6 is suddenly
disconnected at 10 s. After this event occurs, the TSO firstly
calculates the real power references for four DSOs. Again,
they are related with the magnitude of their power sensitivities
in Fig. 8. Then, their power references are larger in the order
of (DSO3, DSO4, DSO1, and DSO2) for this case. The initial
and new power references for four DSOs are marked with
black and blue crosses, respectively, at PQ-plane in Fig. 11.
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TABLE 3. Power outputs from generators in TSO system.

At30s
Generator Before disconnection [MW] Before applying P-f droop control Proposed cooperative
control [MW] [MW] control [MW]
G1 1000 1274 1004 1002
G2 521 549 561 557
G3 650 685 680 680
G4 632 disconnected
G5 508 529 510 510
G6 650 699 680 680
G7 560 601 595 595
G8 540 572 580 576
G9 830 888 850 850
G10 250 291 344 336
Total (TSO) 5509 (except for G4) 6088 5804 5786
Total (DSO) 60 60 358 358
Total (TSO+DSO) 5569 6148 6162 6144
o DGl o b&2 2 DpG3 '
60
i 15 ’ 5 i /¢ 15 v AR
(a) g
f:‘ 59
0 0 o 2
DGI DG2 DG3 -
:E 58.5
x b P 9 P
15 15 15
58
....... =s=seeeens Before applying control
by T e By P-fdroop control
By the proposed cooperative control
Q DG1 2 DG2 e DG3 W'Rn 2‘5 5‘0 7‘5 I(‘I() |és 150
ime (s)
— l — FIGURE 13. Frequency response when the generator G4 at bus 33 is
= —r IF r T r suddenly dis-connected.
(c)
¢ DGI ¢ DG2 ¢
; ; DG3 L. .
After that, when four DSOs distribute their DGs, the power
» “J - be » references for all DGs are calculated by using (22) again,
P T 1 while identifying whether they are inside the flexibility areas
of DGs at PQ-plane, as shown in Fig. 12.

(d)

FIGURE 12. Power references and flexibility areas of DGs at the first
radial distribution system when the G4 at bus 33 is suddenly
disconnected: (a) DSO1, (b) DSO2, (c) DSO3, (d) DSO4.

It is observed that they are inside their FORs for the DSO1,
DSO02, and DSO4. In contrast, the new power reference for
the DSO3 is outside its FOR, as shown in Fig. 11(c). There-
fore, its power reference must be re-calculated by using (13)
and (14) so that it is placed in the FOR. Then, this updated
reference for the DSO3 is marked with red cross.

Accordingly, the DSO4 takes the remaining power with
its updated power reference based on the results from (15)
and (16), as shown in Fig. 11(d). Finally, all power references
(Bl . B2, B and B* ) are sent to the DSOs.

new> “update’ update
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They are initially marked with blue crosses. It is observed
that the power references for the DSO1 and DSO?2 are inside
the flexibility areas of DGs. In contrast, the power references
of DGI in the DSO3 and DSO4 are outside the area, as shown
in Figs. 12(c) and 12(d). Therefore, they are re-calculated by
using (13) and (14) so that they are placed in the flexibility
area at PQ-plane. Then, their updated power references are
marked with red crosses. Then, for the DSO3, the DG3
is distributed with its updated power reference to take the
remaining power from the DG1 based on the results from (15)
and (16). Note that the power reference of DG2 is unchanged
because it is already in the boundary of flexibility area, even
though the DG2 has higher power sensitivity than the DG3.
For the DSO4, the DG?2 is distributed with its updated power
reference for handling the remaining power. These updated
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power references for the DG2 and DG3 are also marked with
red crosses in Fig. 12(d).

When the G4 at bus 33 is suddenly disconnected at 10 s, the
system frequency responses by the P-f droop control [43] and
proposed cooperative control are compared in Fig. 13. The
power outputs from conventional synchronous generators in
the TSO system before the disconnection and at 30 s are
given in Table 3. The frequency nadir and settling frequency
become higher by two control methods, when compared to
the case before taking any control actions. This is because
the DGs of four DSOs generate more real powers after the
system frequency drops. In particular, the frequency nadir by
the proposed cooperative control is effectively increased than
that by the P-f droop control, which is equally applied to all
DGs. It is important to note that the total power generated
from all DGs is the same for two control methods. However,
the frequency response is improved by the proposed cooper-
ative control. This is because the DSOs optimally distribute
the DGs with higher power sensitivity such that they can
generate more powers. Consequently, this result verifies that
the proposed cooperative control can effectively improve the
frequency stability of system.

Also, it is observed that the total amount of power out-
puts from all generators except for G4 in the TSO system
is 5509 MW before the disconnection, as shown in Table 3.
After the event occurs, it is increased to 6088 MW (with-
out the control), 5804 MW (by the P-f droop control),
and 5786 MW (by the proposed cooperative control) at 30 s.
This means that all generators in the TSO system still support
the frequency stability by increasing their power outputs in
different amount after the disconnection of G4 for all cases.
In particular, it is important to note that the total amount
of power outputs from all generators in the TSO system is
required the smallest by the proposed cooperative control,
even though the sum of generations from all DGs is same by
two control methods.

IV. CONCLUSION
This study proposed a new cooperative control method of
transmission system operator (TSO) and distribution system
operator (DSO) in power system based on the generation-load
power sensitivity analysis. For the cooperative control, the
DSOs aggregated the flexibility areas of distributed genera-
tors (DGs) in their networks and sent the feasible operation
regions (FORs) to the TSO. After receiving the FORs, the
TSO calculated the power references at the boundary buses
between the transmission and distribution systems. Then, the
DSOs took these references as loads to calculate the detailed
power references for their DGs. As the result, the DSO could
distribute the DGs effectively in response to several changes.
Finally, the system response was improved by allocating
power generation properly among the generators for the TSO-
DSO.

To verify the effectiveness of proposed cooperative control,
several case studies were carried out on the modified IEEE
test system. The results showed that the power imbalances

VOLUME 12, 2024

caused by a sudden load change or generator trip can be
effectively handled by all generators located in the TSO-
DSO system, while successfully managing line congestion
and frequency stability problems.
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