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Abstract—In this paper, a day-ahead electricity market bid-
ding problem with multiple strategic generation company (GEN-
CO) bidders is studied. The problem is formulated as a Markov
game model, where GENCO bidders interact with each other to
develop their optimal day-ahead bidding strategies. Considering
unobservable information in the problem, a model-free and da-
ta-driven approach, known as multi-agent deep deterministic
policy gradient (MADDPG), is applied for approximating the
Nash equilibrium (NE) in the above Markov game. The MAD-
DPG algorithm has the advantage of generalization due to the
automatic feature extraction ability of the deep neural net-
works. The algorithm is tested on an IEEE 30-bus system with
three competitive GENCO bidders in both an uncongested case
and a congested case. Comparisons with a truthful bidding
strategy and state-of-the-art deep reinforcement learning meth-
ods including deep QO network and deep deterministic policy
gradient (DDPG) demonstrate that the applied MADDPG algo-
rithm can find a superior bidding strategy for all the market
participants with increased profit gains. In addition, the com-
parison with a conventional-model-based method shows that the
MADDPG algorithm has higher computational efficiency, which
is feasible for real-world applications.

Index Terms—Bidding strategy, day-ahead electricity mar-
ket, deep reinforcement learning, Markov game, multi-agent
deterministic policy gradient (MADDPG), Nash equilibrium
(NE).

I. INTRODUCTION

THE recent success of artificial intelligence (AI) comput-
er program AlphaGo has brought the deep reinforce-
ment learning (RL) and deep RL into the spotlight [1], [2].
Currently, it has been applied to a wide range of complex re-
al-world multi-stage decision optimization scenarios includ-
ing video game play and self-driving. In power systems, the
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strategic electricity market bidding problem of generation
companies (GENCOs) belongs to the category [3]. The topic
remains interesting ever since the deregulation of electricity
markets. The problem is investigable because the deregula-
tion introduces the competition among GENCOs and makes
them become strategic price-makers that directly exert im-
pacts on market clearing results.

The main goal of investigating the strategic electricity
market bidding problem is to find the Nash equilibrium
(NE), where no player in the market will benefit from a uni-
lateral deviation from its current bidding strategy with the
strategies of other players unchanged. In such a case, it is as-
sumed that each player has offered its best responses to a
fixed set of its rivals’ strategies. In literature, NE in a strate-
gic environment is the research focus. The most widely ap-
plied method for achieving NE is to formulate a bi-level
mathematical problem with equilibrium constraints (MPEC),
where the upper-level problem maximizes the profit of each
strategic GENCO, and the lower-level problem solves the
market clearing. The simultaneous optimization of multiple
MPECs formulates an equilibrium problem with equilibrium
constraints (EPEC), and it can be solved via the diagonaliza-
tion algorithm [4]-[6]. Considering the uncertainty related to
hydropower, [7] discusses two types of NE when solving the
EPEC model. They are the Bayesian NE which focuses on
maximizing the expected payoff in different scenarios and
the robust NE which focuses on maximizing the worst-case
payoff. In [8], the unit commitment is included in the optimi-
zation model of GENCO bidding strategies, which introduc-
es additional binary variables and fails the conventional pri-
mal-dual approaches. A selective branch-and-cutting algo-
rithm is designed instead of the optimization of the genera-
tor scheduling. In [9], the market equilibria are studied in a
coupled electricity and natural gas market, where several ob-
jective functions are designed for the EPEC model to achieve
NE solutions with different characteristics, e. g., maximizing
the profits of the producer or maximizing the welfare of the
consumer.

All the above work can be categorized as game-theoretic
modelling methods, where the strategic bidding behaviors of
the players are explicitly expressed by mathematical equa-
tions. While the model-based methods have exhibited sound-
ness and success in achieving NE. It is worth noting that the
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model-based methods mainly rely on the assumption that
each GENCO bidder has the full knowledge of its rivals’
bidding strategies as well as the market clearing algorithm,
which renders a limiting assumption in reality. In addition,
the game-theoretic model generally demonstrates nonlineari-
ty and nonconvexity due to the existence of a large number
of complementarity conditions, the scale of which can grow
rapidly with increasing players and multi-period constraints.
As a result, a model that is mostly close to the physical
world can be highly complex and computationally intensive.

The data-driven RL method stands out as an efficient alter-
native to the conventional game-theoretic modelling method.
The RL method requires no knowledge of the exact mathe-
matical model, but it gradually learns a decision-making
strategy through continuous interaction with the actual envi-
ronment, which circumvents any modelling or prediction er-
ror. In addition, since the RL method relies on no comple-
mentarity constraints, it is free from the afore-mentioned
computational challenge. Finally, the RL method holds the
generalization characteristic after learning and can adapt to
unseen instances where the game-theoretic model needs to
be recalculated with even the slightest changes of the model.

Existing researches have witnessed the application of Q-
learning, which is a type of value-based RL method for solv-
ing the GENCO optimal bidding problem [10]-[13]. The
main idea of Q-learning is to construct a look-up table that
stores the action-values of all the state-action pairs. Thus,
the actions with highest action-values will constitute a de-
sired bidding strategy. The action-values are obtained
through iterative interactions with the market. While the Q-
learning does not suffer from modelling complexity, it does
require the discretization of both the state and action spaces,
which brings in the curse of dimensionality, especially with
multi-dimensional continuous state or action. In such cases,
the exponential growth of the look-up table will leave the
problem intractable. Furthermore, the discretization of contin-
uous variables also restrains the search space and may lead
to sub-optimal solutions.

Popularized by the Al computer program AlphaGo, an ad-
vanced variant of RL, the deep RL, has recently become an
eye-catching technique for solving time-sequential decision-
making problem with partial or hidden information. Deep
RL is a combination of a deep neural network (DNN) and
RL. If compared with the conventional Q-learning, the high-
light of the deep RL method is that it builds a generalized
mapping between the state inputs and the action values with
the universal function approximation property of DNN, in-
stead of storing a concrete look-up table. Therefore, the deep
RL method can be applied to continuous environment set-
tings. The success of deep RL has been spotted in the fields
of computer games, robotics, industrial automation, etc. In
power systems, the potentials of implementing deep RL for
demand-side energy management and electric vehicle charg-
ing/discharging scheduling are shown in [14], [15]. The deep
deterministic policy gradient (DDPG) algorithm is applied to
solve the bidding problem of a load serving entity and GEN-
COs in [16], [17].

When there exist multiple decision-makers with interde-

pendent interactions, the multi-agent deep RL (MADRL) can
play an important role in optimizing the strategy of each in-
dividual agent. In [18] and [19], MADRL is leveraged for
coordinating load frequency control and voltage regulation
for multi-area power systems, respectively. References [20]
and [21] explore the market equilibrium with multiple strate-
gic GENCO bidders under both constrained and non-con-
strained networks using policy-based deep RL methods.

In [20] and [21], while each strategic GENCO bidder has
its own deep RL agent, each RL agent only learns from its
local observation. However, given that a Markov game is
studied in a multi-agent environment, where each decision-
maker constantly changes the bidding strategies, the local ob-
servation cannot capture the entire dynamics of the environ-
ment and the policies learnt from local observations can get
stuck in local optimum. In [22], a centralized training and
decentralized execution mechanism is designed for MADRL,
where each RL agent can receive the state and action infor-
mation of other agents during the training. The centralized
training allows the RL agents to become more adaptive in a
dynamic environment where every agent constantly changes
its bidding strategy as the learning evolves. It is believed
that a centralized training can lead to an improved learning
performance by enveloping global information. This frame-
work is acceptable because the global information is only
needed during the training, e.g., from historical data. During
the test, it is assumed that the RL agents have mastered the
knowledge of its rivals, and the global information is no lon-
ger needed.

Motivated by the above observation, we also focus on
finding NE in the day-ahead electricity market with multiple
strategic GENCOs by using MADRL. The main contribu-
tions of the paper are summarized as follows.

1) A Markov game is formulated to describe the strategic
day-ahead electricity market bidding process of multiple
GENCOs as price makers. Each GENCO acts intelligently to
maximize its own benefits with the consideration of bidding
policies from other rivals.

2) A multi-agent deep deterministic policy gradient (MAD-
DPQG) algorithm is applied to solve the above Markov game.
A centralized training and decentralized execution mecha-
nism proposed in [22] is implemented. MADDPG can deal
with non-stationary environments where the rational players
constantly change their strategies as well as high-dimension-
al continuous state and action spaces.

3) An in-depth analysis of the RL policies from MAD-
DPG algorithm is presented to provide insights into the logic
and rationality behind the “black-box” learning. It is discov-
ered that the learnt bidding strategies are explainable and
sensible in reaching the NE status with different market sce-
narios, which supports their feasibility in the real-world ap-
plications.

4) A comprehensive simulation analysis is presented to
prove that the well-trained MADDPG algorithm can approxi-
mate NE in unseen market environments with high computa-
tional efficiency. The superiority of the applied method is
further verified by comparing with other state-of-the-art RL
methods and the model-based method.

We aim to build a solid theoretical foundation for the prac-
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tical implementation of the applied MADDPG algorithm in
real-world electricity market bidding problems. The rest of
the paper is organized as follows. Section II provides the for-
mulation of the multi-agent day-ahead electricity market bid-
ding problem in the context of Markov game. Section III in-
troduces the MADDPG algorithm for multi-agent decision-
making process within non-stationary environment. The sim-
ulation results and analysis are shown in Section IV. Finally,
Section V concludes the paper.

II. FORMULATION OF MULTI-AGENT MARKET BIDDING
PROBLEM

A. Brief on Electricity Market and Bidding Strategies

A deregulated electricity market is usually composed of
two stages, a day-ahead market and a real-time market. In
the day-ahead market, GENCOs submit the amount of ener-
gy they are willing to sell for the next 24 hours and the asso-
ciated offer price. And consumers submit the amount of ener-
gy they are willing to buy and the associated bid price. The
market operator clears the market by running an optimal
power flow (OPF) calculation and releases the market clear-
ing prices and quantities to the supply side and the demand
side.

GENCOs with large capacity can execute market power
through the following two ways: (D) physical withholding,
which means that they submit generation quantities that are
less than their capacity; @ economic withholding, which
means that they offer the prices that are higher than their
marginal cost [23]. However, executing market power can al-
so be risky since GENCO bidders have incomplete informa-
tion of their rivals.

There exist two market settlement methods: (D) the margin-
al price principle, where all suppliers receive the same mar-
ket clearing price, which is the cost of the marginal bidding
block; @ the pay-as-bid principle, where each winning sup-
plier receives a price based on their respective bid prices,
and it can be different from one to another. The marginal
price principle is applied in almost all the organized whole-
sale markets in the United States [24], while the pay-as-bid
principle is mostly adopted in European countries like
France and Britain [25].

In term of auction theory, the pay-as-bid principle is a
variation of the sealed first-price auction and marginal price
is a variation of the sealed second-price auction [26]. It has
been proven that in the sealed second-price auction, truthful
bidding, which means no economic withholding, is a domi-
nant strategy. While in the sealed first-price auction, truthful
bidding is a necessary but not sufficient condition to reach
NE [27].

We assume that the day-ahead electricity market is cleared
based on the marginal price principle, and GENCOs can exe-
cute economic withholding to maximize their profits. Under
such condition, an NE bidding strategy of the GENCO g
should satisfy the following two conditions [27]: (D
max c, b, and @ max b, >c,

Under the above two conditions, index g’ refers to all the
other GENCO bidders except for GENCO g; c, is the mar-
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ginal generation cost of GENCO g; and b, is the bid price of
GENCO g. The profit of GENCO g will be b,—c,. Condition
(D means that GENCO g should bid at a sufficiently low
price to win the bid (lower than the marginal cost of all the
other GENCO bidders). Otherwise, if there is one GENCO
bidder g’ with ¢, <b,, then g’ could bid between the open in-
terval (c,,b,), causing GENCO g to lose the bid. Condition
(2 means that the marginal cost of GENCO g should be suf-
ficiently low (lower than the bid price of all the other GEN-
CO bidders) to make a profit. Otherwise, if there is one
GENCO bidder g' with b, <c,, since the marginal price prin-
ciple is applied, the market clearing price received by GEN-
CO g will also be b, and its profit will be b,—c,, which is
negative. In Section IV, we will demonstrate that the applied
deep RL method is able to achieve an NE strategy that corre-
sponds with the above two conditions through truthful bid-
ding.

B.  Mathematical Formulation of Day-ahead Electricity
Market Clearing

The day-ahead electricity market clearing model is shown
as the following direct current (DC) OPF:

Ny N, N,
min Y Y'Y A% (1) Pe (1) (1
t=lg=1b=1
S.t.
N, N, N,
Y P 0= Y P (1) )
g=1b=1 d=1

N[)
Zngzwed(t)_ ZP(’;’“I ®) | £ limit, 3)
dei

geib=1

~limit,< Y GSF, ,
i=1

0<Pl(t)<PY (1) Vg Vb 4)

where N, is the number of time intervals; N, is the number
of GENCOs; N, is the number of bidding blocks submitted
by the g" GENCO; N, is the number of loads; 1.7 (f) and
P (t) are the bid price and the cleared quantity of the »"
bidding block, respectively; limit, is the line capacity of the
[™ transmission line; n is the set of buses; GSF, ; is the
called generation shift factor, which represents the power
flow change on the /™ transmission line if one unit power in-
jection takes place at bus i; P¥(¢) is the quantity of the d"
load; and P is the bidding quantity of the 5" bidding block
of the g™ GENCO. Equation (2) is the power balance con-
straint, where the total amount of cleared generation should
equal the total amount of load; (3) is the transmission line
capacity constraint; and (4) ensures that the cleared quantity
does not exceed the bidding quantity submitted by the GEN-
CO bidders.

In the DCOPF model (1)-(4), 475 (f) and P} (r) are known
values submitted by GENCO bidders. The GENCO bidders
decide the bid price A))(f) by solving the following profit-
maximizing problem:

Ny
t=1

Ny

va
Zpglzared (t)/'{;leared (t) _ Cg ZP;lzared (t)
b=1

b=1

)
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S.t.

N, N,
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b=1 b=1
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where AJ““*’(f) is the locational marginal price (LMP) at the
bus with the g" generator connected; Ay} (7) is the marginal
cost of the b" bidding block; ¢, ,,, is the upper bound of the
bidding factor; and P;* is the upper limit of the generation.
In (5), the first item is the income of selling power at the
day-ahead electricity market, and the second item is the gen-
eration cost, which is calculated by (6). Equation (7) indi-
cates the economic withholding of the GENCO bidder. (8)
shows the range of ¢, (f), which indicates that the GENCO
bidder can deliberately submit a higher marginal cost to in-
crease its profit. Equation (9) is the capacity limit of the bid-
ding block.

The above two mathematical models, i.e., model (5)-(9)
and model (1)-(4), formulate a bi-level optimization prob-
lem. For the lower-level market clearing problem, the deci-
sion variable is the cleared quantity P.5"“(r). At the upper-
level profit-maximizing problem, the decision variable is the
bidding factor ¢, (¢). For simplicity, we assume that only the
bid price ;5 (¢) is variable, and the capacity of the bidding
block P} () is constant. In literature, one of the most com-
monly used methods to solve the above bi-level optimization
problem is to transform the lower-level market clearing mod-
el into its equivalent Karush-Kuhn-Tucker (KKT) conditions
and add them as constraints to the upper-level profit-maxi-
mizing model, which formulates an MPEC. With multiple
GENCO bidders, multiple MPECs will be formulated, and to
obtain an equilibrium point among them is not a trivial task.
In addition, solving MPECs requires the full knowledge of
the market clearing process as well as the bidding informa-
tion of the rival GENCO bidders, which remains as hidden
information in real-world situations. Hence, the model-based
method fails due to this unobservability. In the following sec-
tions, the multi-agent day-ahead electricity market bidding
problem will be transformed to a Markov game, and a model-
free deep RL method will be introduced as a solution method.

C. Markov Game Model of Day-ahead Electricity Market
Bidding

Before building the Markov game model, we propose the
following assumptions regarding the day-ahead -electricity
market bidding problem [28]:

1) GENCOs submit hourly bidding blocks for the next 24
hours in the day-ahead market. The bidding quantities are
their true generation capacities, and only the bid price can
be changed.

2) The bid price for the same bidding block can vary
from hour to hour. However, the ratio of the highest bid
price to the lowest bid price for the same bidding block
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should not exceed a threshold #4,.

3) For any two consecutive hours, the ratio of the bid prices
for the same bidding block should not exceed a threshold #4,.

The reason for making assumption 3 is to avoid high fluc-
tuation of marginal prices during peak hours and to prevent
the GENCO bidders from speculation. From assumption 3, it
can be discovered that the bid price for the current hour is
related to the bid price in the previous hour, which leads to
a finite Markov decision process (MDP) with discrete time
steps. An MDP is composed of four essential elements
(s,a,p,r), where s is the finite number of states; a is the fi-
nite number of actions; p is the state transition probability
that falls within [0,1]; and » is the reward function.

In an MDP, at each time step, the agent firstly observes
the environment state and takes an action. Then, the agent re-
ceives an immediate reward from the environment, and the
environment transfers to the next state based on the transi-
tion probability. The process repeats until termination.

When multiple agents are considered in the day-ahead
electricity market bidding, the above MDP is extended to a
partially observable Markov game. A Markov game for N
agents consists of a set of states s, a set of observations
made by each agent at the current state, 0,,0,,...,0y, and a
set of actions a,,a,,...,a, taken by each agent based on
their respective observations. After the execution of the ac-
tions, the environment will transfer to the next state follow-
ing a transition probability p: sxa, xa,x...xay,xs—[0,1].
Each agent will receive a reward r;: sxa, >R (i=1,2,...,N)
and a private observation for the next state o;: s— o,. The ob-

jective of each agent is to maximize the total discounted re-
N,

ward for the finite time steps: R, = Zy”'r,:,, where y is a dis-
t=1
count factor to convert future rewards to the present value.

In the day-ahead electricity market bidding problem, with
the context of a Markov game, the agent is an independent
GENCO bidder. The private observation for each GENCO is
the demand quantity for the current hour and its bid price at
the previous hour; the state is simply defined as the summa-
tion of the observations of all GENCOs; the action is the bid
price for the current hour; and the reward is the hourly prof-
it. The day-ahead electricity market bidding process is a se-
quential decision-making problem with multiple decision
makers involved, which requires that each GENCO bidder is
far-sighted enough to consider potential future outcomes in
order to maximize the total profit.

Note that in the general day-ahead electricity market bid-
ding, the GENCO bidders are required to submit their bid-
ding blocks for the next 24 hours in one shot. While in the
above Markov game, the bidding decision process is decom-
posed to discrete time steps and the bid price for each time
step is decided sequentially. This decomposition is accept-
able because at each time step, the private observation only in-
cludes the current hourly load and the bid price at the previous
hour without involving any market clearing results. Hence, af-
ter the applied deep RL method is well-trained for achieving
NE in the above Markov game model, it will only need the
load data for the next 24 hours as the input and can generate
the bid prices for the next day in one shot (with an initial bid



538

price) during the test process. Therefore, the algorithm can be
physically implemented without violating market rules.

III. MADDPG ALGORITHM FOR DAY-AHEAD ELECTRICITY
MARKET BIDDING

A. Overview of RL Method

The RL method aims to solve the MDP process and maxi-

Nyp

mize the total discounted reward R,= ZJ’HVW An action-
t=1
value function Q,(s,a,) is further defined in RL as an esti-

mation of the total discounted reward:

Ny
‘ |
y r1+k+l Swaz
k=0

where E_ is the expectation. Q,(s,,a,) is equal to the expect-
ed return starting from state s, taking action a, and thereaf-
ter following policy = for a horizon with length N,. The goal
of RL is to find the optimal policy z* that maximizes the ac-
tion-value function:

O’ (s.a,)= max Q,(s,.a,) (11)

One typical way for solving (11) is to update the action
value based on the temporal difference (TD) error [29]:

QEZC+I)(SY’ a[)zrl +y rl;lal)( QS!"()(SI+]7aI+1)

0, (s»a)=E, (10)

(12)

where k is the iteration index. In conventional RL methods
such as Q-learning, a look-up table is established to store
the action values of all the possible state-action pairs and it
is updated iteratively according to (12) until convergence.
However, the method encounters the curse of dimensionality
when the state or action space becomes continuous. The
deep RL method is developed to overcome the drawbacks of
the tabular-based RL method. In deep RL, a neural network
is designed to estimate the action-value function and it can
form a continuous mapping between the state-action pair and
the action value. In this way, more complex control or opti-
mization problem with high dimensionality can be solved
through tweaking the neural network model.

B. DDPG Algorithm for Continuous Control

In this subsection, we will briefly introduce a deep RL
method and a DDPG to solve continuous control prob-
lems [30].

In DDPG, there are two types of neural networks: the crit-
ic network and the actor network [31]. The function of the
critic network is to estimate the action value. The input to
the critic network is the current state and the taken action,
and the output is the associated action value. The mean
square error (MSE) is used as the loss function for updating
the parameters of the critic network, as shown as:

erget(/‘) (t)= 70 (t)+ y r/r}a)l() Q(S(j) (t+ 1)’ a(j) (t+ 1); QQ’) (13)
Lo°)= &Z(Q’“"gﬂ(f’ O-06"(0),a"(0);0°)°  (14)

Two critic networks are involved for calculating the MSE
in (14). In the target critic network, the weights are noted as
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0¢ . In the behavior critic network, the weights are noted as
0°. In (13), the target action value at time step ¢ is the sum
of the current reward r(¢) and the discounted value of the
maximum action value at the next time step 7+ 1, generated
by the target critic network. The superscript j is the index of
state-action pair samples. Then, the target action value is
sent to (14) for calculating the loss. The output from the tar-
get critic network is served as the “labelled” data for the be-
havior network to learn. During the training, the target critic
network is updated at a slower speed than the behavior critic
network, which helps stabilize the learning process.

The actor network is designed to utilize the estimated ac-
tion value to obtain the optimal policy, i.e., n(s” ()=
argr(r)lax O(s” (1), @ (¢)) for all time step ¢ The input to the ac-

a(t

tor network is the current state sV (f), and the output is the
action a (f) that results in the maximum Q(s” (¢), & (t)). To
achieve this goal, the loss function for the actor network is
designed as:
N,
I & . .
maxJ(©)= - 306 0.a (1.6°) (1)
s j=1

d (O=u(s" (0).0")

where u(s¥(r),0") is the current policy generated by the ac-
tor network and 6" is the network weights. 8" is updated in
the direction of maximizing the O value using the gradient:

VJ(O")= NLEVQ# V(0@ (1) 0°)V (s (£);0")  (16)

0 =0"-n,VJ(O")
where 7, is the learning rate.

In (16), the chain rule is applied to calculate the gradient
of the action value to the weights of the actor network.

The above introduction covers the basic idea behind the
DDPG algorithm. Note that in the above actor and critic net-
works, only the action and the Q value at the current state
are generated, and there is no need to store all the possible
state-action pairs and their action values. The relationship be-
tween the state-action pair and the action value is encoded
in the weights of the neural network. Therefore, DDPG can
be applied to optimize continuous control strategies without
suffering from the dimensionality explosion.

amn

C. MADDPG for Solving Markov Game in Day-ahead
Electricity Market Bidding

DDPG algorithm can be applied to optimize the single
agent decision-making process. However, in the case of day-
ahead electricity electricity market bidding, where multiple
strategic GENCO bidders are involved, directly applying the
above DDPG algorithm since each GENCO cannot achieve
the ideal results. This is because when multiple agents are
optimizing their decisions simultaneously, the environment
becomes dynamic. And the reward received at the same state
with the same action can constantly change due to the chang-
ing policies of other agents, which invalidates the experience
learnt by the target critic network and can result in incorrect
settings of target value and algorithm divergence.

Driven by the above concerns, there are some recent re-
search works in Al that include multi-agent (MA) learning



DU et al.: APPROXIMATING NASH EQUILIBRIUM IN DAY-AHEAD ELECTRICITY MARKET BIDDING WITH MULTI-AGENT DEEP...

as an extension of the DDPG algorithm to form MADDPG
[22]. The main idea of MADDPG is to implement a central-
ized training, where the input to the critic network includes
not only the observation and action of the current agent, but
also the observations and actions of other agents. This as-
sumption is acceptable because the critic network is only re-
quired during the training process. Once the algorithm is
well-trained, only the actor network is needed to be tested in
new environments, and the information of other agents are
no longer required.

In this paper, the general-purposed MADDPG algorithm is
applied and customized to solve the Markov game in day-
ahead electricity market bidding. The proposed customized
MADPPG algorithm flow is shown in Algorithm 1.

Algorithm 1: MADDPG algorithm for day-ahead electricity market bid-
ding with N GENCO bidders

1: Initialize the parameters of the critic network QO(s,a;6¢) and actor
network u(o; 8") for each GENCO bidder

2: Initialize the target networks with #¢ and "
3:  for episode is 1 to M do
4: Initialize the electricity market bidding from a random day
S: for t=1to N, do
6: Observe the current state
SE)=[P g (O, 22 (= 1), 257 (1 = 1), ...,).g"“’ (=1, ..., 20 @ —1)]
7: For each GENCO bidder g, select the bid price 1, ()=
1, (0, (2);0"), where o0, ()=[P,,,(t), ig“’ (t-1]
8: Run DCOPF (1)-(5) to complete the market clearing, obtain the

cleared quantity Pg“"“/(¢), cleared price 25“’“(f), and the re-
ward r,(f) for each GENCO, and observe the next state
[P 6+ 1.2 ()]

9: Store the transition (s(?), /’L?d (t),igid'(t), 7, (#),s(t+1)) for each
GENCO

10: for GENCO g=1 to N do

11: Randomly sample a minibatch of § samples (s9(£), 2277 (¢),
29D @), rd (1), s9(+1)) from the stored transitions

12: Set .Q";”'g""”(t)=.rfg”(t)+ng (S,m(ﬁ 1),» ‘ . ’
ig‘d“’ t+1), ).g’“’ “O(t+1);09), for 2;““-” (t+D=p, (o(é»,” (t+1);0")

13: Update the critic network by minimizing MSE:

1 Ly@)=UN QD 0)= 0, (s (0).25 (0).42 (1:69)

J

15: 0% =02 -3,V0° L, (0°)

16: Update the actor network by maximizing the expected Q value:

170 VI 0)=UN, Y Vk,0, (% 0.5 (0,14 (65 0°) V" e, 0 (2. 0*)

J

18: 0" =0"—n"VJ,(0")

19: end for

20: Update the target network parameters for each GENCO:

21: 02 =(1-1)02 + 09

22: 0" =(1-0)0" + 70"

23: end for

24:  end for

In Algorithm 1, the state is defined as the hourly load and
the bid prices of all the agents in the previous hour. The pri-
vate observation of each agent is defined as the hourly load,
and its bid price at the previous hour is shown by lines 6
and 7. For simplicity, we use 4, (f) to represent the bid price
and ignore the subscript b. The reward r,(f) is the hourly

539

power selling profit:

N, N,
ry (t): 2 P;{zared (t) /’{;/eared (t) _ Cg 2 P;lzared (t) (1 8)
b=1 b=1

The state is sent to the critic network to calculate the tar-
get action value, as shown by line 12. A2V (¢+ 1) represents
the bid prices of all GENCOs except for the g™ GENCO.
Note that the bid price for the next time step 7+ 1 is generat-
ed by u,(0") instead of (") in line 12. Similar to the tar-
get critic network, z,(9") represents the target actor network,
which also aims to stabilize the training process.

After the weights of the behavior critic network and the
behavior actor network are updated as shown by line 15 and
18, the weights of the target critic network and the target ac-
tor network are updated accordingly at a slower speed as
shown by lines 21 and 22, where 7 has a value close to 1.
The reason for this slow update is also to increase the stabili-
ty of the learning.

To obtain an easy and clear understanding of the MADDPG
algorithm for an MA day-ahead electricity market bidding
problem, an illustration of the algorithm is shown in Fig. 1.

GENCO 1 GENCO N

Day-ahead wholesale

market bidding
250
- 0 -
GENCO 2 Behavior |2<(?%)| Behavior
network 6" network 62 pélearedp)
! Update )C/mr(’d /
H target ) ¢
Update 6 Qg 0 o ¢ )
Target | u(0")| Target
network 6" network 0
Actor Critic

GENCO g GENCO g

Fig. 1. MADDPG algorithm for solving Markov game in day-ahead elec-
tricity electricity market bidding.

IV. SIMULATION ANALYSIS

A. Test System Description

IEEE 30-bus system with 9 generators is applied as the
transmission-level electricity market. The topology of the
system is shown in Fig. 2.

1% > 28

GENCO 3 ﬁ
10
GENCO 1

274

- 21
30 )4
L 25 29
7

GENCO 2 26

Fig. 2. Topology of IEEE 30-bus system.
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The generators at bus 27, bus 23, and bus 13 are consid-
ered as strategic bidders that will conduct economic with-
holding to maximize their profits. All other generators will
submit their true marginal cost. In addition, the transmission
lines 4-12 and 23-24 have a capacity limit of 10 MW. There-
fore, nearby GENCOs, GENCO 2 and GENCO 3, will be
given the market power to manipulate the clearing price,
which will be shown in the simulation results.

The generation cost function of GENCOs is assumed to
be a piecewise linear function, which includes three segments.
The parameters of the cost function are shown in Table I.

TABLE I
GENCO GENERATION COST FUNCTION

Segment Marginal price ($/MWh) Generation range (MW)
1 20 0-12
2 40 12-36
3 50 36-60

It is assumed that at each hour, only one bidding block is
submitted by each GENCO. The bidding quantity is 60 MW,
which is also their capacity. For GENCOs 1-3, the bid price
is A29(t)=¢,())A" (¢t). For other GENCOs, the bid price is
A2 (t). In this case, Ay (f) is 50 $/MWh.

Following the assumptions presented at Section II-C, the
values of the bid price thresholds, th, and th,, are set to be
1.5 and 1.1, respectively, which means 1)“(¢) should comply
with the following condition:

max A2 (7) -

min2%(6)
< Vig=12.3 (19)
A ()
0.9< £ <11
At (t=1)

B. Design of Neural Network and Simulation Platform

The detailed structures of the actor network and critic net-
work in the proposed MADDPG as well as the structure of
the deep QO network (DQN) are shown in Table II.

TABLE I
DESIGN OF DNNs IN DEEP RL

Neural network Actor Critic DQN
Input [Praa®. 2" (t=1)] [P @25 (¢ = D257 (= 1. 25" (0.2 (1)] [P a0, 25" (= D]
No. of hidden layers 2 2 2
No. of neurons [2, 64], [64, 64] [7, 64], [64, 64] [2, 64]
Output 0€[0,1] 0, (5(0). 25" (0. 25" (1) 0, (s(0). 25" (1)
Activation function ReLU (hidden layer); sigmoid (output layer) ReLU (hidden layer) ReLU (hidden layer)
Learning # 0.001 0.002 0.001
T 0.99 0.99 0.99
Optimizer Adam Adam Adam

The output from the actor network is a value J between 0
and 1. The bid price 4, (f) is calculated as:

2 (1)=(0.9-+0.28)A (¢ — 1) (20)
The value of 22(f) will be further adjusted to be within
the range of 145 (r) to 1.5 (¢):

AB6)= 1525 () 204 (6)> 1.525 (0)
lz:’d (t): )L;wt (t) izid (t) < /1;0“ (l)
O=(224(6) /224 (¢ — 1)~ 0.9)/0.2

@n

The neural network model is built and trained by the open-
source deep learning platform TensorFlow. The day-ahead
market clearing process is completed by the smart market
module in MATPOWER toolbox [32]. The hardware environ-
ment is a laptop with Intel®Core™ i7-7600U 2.8 GHz CPU,
and 16 GB RAM.

C. NE Strategy from MADDPG: Uncongested Case

In this subsection, we first investigate the bidding strate-
gies of the three GENCOs with marginal pricing mechanism
in uncongested case, where the capacity limits on lines 4-12
and 23-24 are removed. The goal is to show that MADDPG
algorithm can achieve the NE strategies that satisfy the two
conditions as introduced in Section II-A, when no GENCO
bidder has access to market power.

The load profile in June, 2019 from PJM wholesale mar-
ket [33] is used to train the deep RL. The load data in the
31 days in July, 2019 from PJM market is used to test the
deep RL after training. The load profiles of the training days
and the test days are shown in Fig. 3.

r

il
| “' il ‘/ J’ , '/ |

0 100 200 300 400 500 600 700750
Time (hour)

280

260

240}
< 220}
2001
180
160
140
120
100

— June
— July

Load MW

Fig. 3. Load profiles of training days and test days in June and July of
year 2019.

There exist differences between the load levels in the two
months. However, since the deep RL is a generalized model,
it can adapt to the changes in the environment and produces
optimal strategies, which will be shown in the following test
results.
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Figure 4 presents the convergence of MADDPG in uncon-
gested case over 500 training episodes. The average rewards
for the three GENCOs gradually stabilize as the training pro-

ceeds, which indicates the convergence of the MADDPG al-
gorithm.

& 1.43t 535 »24
S L S k)
S12 30 o
g L g g7
z 1.0 225 1.8
209 2 2
o 5 o 1.6
0.8 202.0 o
207 o
0.6 . . 1.5 ) 1.2 - ;
< 0 250 500 < 0 250 500 < 0 250 500
Episode Episode Episode
(a) (b) (©

Fig. 4. Convergence of MADDPG in uncongested case. (a) GENCO 1. (b)
GENCO 2. (¢) GENCO 3.

The test results of MADDPG with the data of July are
shown in Fig. 5 and are also compared with the truthful bid-
ding baseline case in Table III, where the three GENCOs al-
ways bid at their true marginal cost.

3
2
1

£,(1)

0 100 200 300 400 500 600 700750

Time (hour)
(a)
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— N W

100 200 300 400

Time (hour)
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500 600 700750

— N W

£,(0)

100 200 300 400

Time (hour)
(©
— £,(1); — Load level (10> MW)

500 600 700750

Fig. 5. Bidding strategy of three GENCOs with MADDPG in uncongested
case. (a) GENCO 1. (b) GENCO 2. (c¢) GENCO 3.

TABLE 111
COMPARISON OF MADDPG WITH BASELINE IN UNCONGESTED CASE

Total profit (10* $)

GENCO
MADDPG Truthful bidding
1 44.64 44.64
2 44.64 44.64
3 40.26 40.26

In Fig. 5, y axis is the bidding parameter ¢, (¢) in (7). One
thing should be pointed out is that since the state of GEN-
CO bidder requires the bid price at the previous hour, we as-
sume that the bid price at hour zero is always the true marginal
cost. It can be observed that in the uncongested case, all GEN-
COs bid at their true marginal cost, regardless of the system
load level. This is a logical and explainable behavior because

541

when the capacity limit is removed, GENCOs 2 and 3 cannot
manipulate the market clearing price. Since all other GENCOs
are bidding at their true marginal cost, the optimal bidding
strategy for GENCOs 1-3 is also truthful. According to the NE
conditions in Section II-A, ¢, and b, are A (r) and A} (?), re-
spectively. In the truthful bidding, 2,“(r)=2:"(¢) satisfies the
equality constraint in conditions 1 and 2. In Table III, the total
profit from MADDPG is the same as the baseline because they
both bid truthfully. Therefore, it can be safely concluded that
the well-trained MADDPG algorithm can find the optimal bid-

ding strategy of the three GENCO bidders in a constraint-free
market environment.

D. Solving Markov Game with MADDPG: Congested Case

In this subsection, the MADDPG algorithm is applied to
solve the Markov Game in day-ahead electricity electricity
market bidding with congestions. The same training data are
used and the training results are shown in Fig. 6.
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& & @
| T 40 55
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2 2 240
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0 100 200 ) 100 200 “70 100 200
Episode Episode Episode
(a) (W] (©)
Fig. 6. Convergence of MADDPG in congested case. (a) GENCO 1. (b)

GENCO 2. (c) GENCO 3.

The algorithm is trained for 200 episodes. The average re-
ward converges for all three GENCO bidders. The well-
trained RL agents are then tested with the data of July, and
are also compared with the truthful bidding case, as shown
in Figs. 7 and 8, and Table IV.
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Fig. 7. Bidding strategy of three GENCOs with MADDPG in congested
case. (@) GENCO 1. (b) GENCO 2. (¢c) GENCO 3.
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unchanged, which indicates an NE status.

E. Comparison with Model-based Method

To further verify that biding strategies obtained from
MADDPG are approximated NE strategies, we compare the
bidding results from MADDPG with those from solving the
original MPEC models (5)-(9) and (1)-(4). Because there is
one MPEC for each GENCO bidder, we apply the diagonal-
ization algorithm (DIAG), which solves each MPEC itera-
tively. In each iteration, MPEC of each GENCO bidder is
solved by setting the bid prices of all other GENCO bidders
to the values from the last iteration. The iteration continues
until there is no change in the bid price or the maximum
number if iterations is reached. Table V compares the total
profit from MADDPG and MPEC for one test day in the
congested case.

TABLE V
COMPARISON OF MADDPG wITH MPEC

Total profit (10* $)

COMPARISON OF MADDPG WITH BASELINES: CONGESTED CASE GENCO Relative error (%)
MADDPG MPEC
GENCO Total profit (10°$) Profit increase (%) : 201 207 281
MADDPG Truthful bidding 2 451 4.94 8.80
1 57.24 50.01 14.45711 6.38 6.07 -5.23
2 131.36 88.96 47.66187
3 184.37 114.34 61.24716

Figure 7 shows that GENCO 2 always bids at the highest
price, which is 1.54;™(¢) at the peak hours when congestions
are mostly likely to occur. Since GENCO 1 does not have
market power, it always bids at the true marginal cost,
where ¢,(f) is 1. GENCO 3 also bids at the true marginal
cost. However, because the principle of marginal price is ap-
plied to clear the market, GENCOs 1 and 3 still benefit
from the high bid price offered by GENCO 2. As can be ob-
served in Fig. 8, the cleared prices for all three GENCOs are
higher than their marginal generation cost 50 $MWh. In Ta-
ble IV, all three GENCOs obtain higher total profits than the
truthful bidding case. On average, the increase of the profit
is 41%. This phenomenon is called “free riding” in game
theory, where GENCOs 1 and 3 can bid at a lower price to
get more of their quantity cleared at a higher marginal price.

The above bidding strategies form one NE and the reason
is as follows: according to the definition of NE, no player
can benefit by changing its strategy while the strategies of
other players remain unchanged. Firstly, since GENCO 1 has
no market power, increasing its bid price will only reduce its
cleared quantity and the profit. GENCO 1 will not bid high-
er than the true marginal cost. Secondly, if GENCO 2 de-
creases the bid price to the marginal cost, all three GENCOs
will bid truthfully like the baseline case, and all of them will
receive a lower profit. Lastly, if GENCO 3 also adopts a
similar strategy like GENCO 2, which is to bid high price at
peak hours, the amount of its cleared power will be greatly
reduced, which results in a lower profit. And this has been
tested through the simulation. Therefore, no GENCO is will-
ing to change its bidding strategy alone with the other two

Table V shows that the total profits from the two methods
are close to each other, which verifies that the well-trained
MADDPG algorithm can obtain an approximated NE for un-
seen cases. With regard to computation efficiency, the com-
putation time for solving MPEC via DIAG is around 212 s
for one test day. However, the total computation time for the
well-trained MADDPG algorithm to generate bidding strate-
gies for three GENCOs in the 31 test days is around 160 s.
The acceleration ratio of the latter over the former is over
40 times, which proves the high computational efficiency of
the deep RL method. This is because the well-trained algo-
rithm does not require any iterative calculation process, but
it can directly map the current observation to the bidding
strategy with the function approximation property of DNN,
which greatly saves computation efforts.

F. Comparison with State-of-the-art RL Methods

The major merit of MADRL over the existing deep RL
method lies in its centralized training mechanism. During
the training, the observations and actions of the rival agents
are collected and analyzed by the critic network of each RL
agent to develop a good grasp of the environment dynamics.
It is believed that the extra information provided by the cen-
tralized training can facilitate a more effective and intelli-
gent policy learning. The mechanism is applicable since dur-
ing the testing phase, only the actors of the RL agents will
be executed, who only have access to local observations
without global information.

To demonstrate the advantages of MADDPG over the oth-
er deep RL methods, we compare the learning performance
of MADDPG with two representative deep RL methods with
the congested case. For each algorithm, we randomly gener-
ate 10 seeds, and for each seed, the algorithm is trained for
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200 episodes, with each episode containing 24 time steps. In
Fig. 9, the solid line stands for the average episodic reward
over the five random seeds from the three RL methods, and
the shaded area is the one-tenth of the standard deviation
over the five runs. As can be observed in the figure, the av-
erage reward gradually becomes stable in all the three algo-
rithms, which indicates the convergence. However, the final
average reward obtained from MADDPG is higher than that
from DQN and DDPG for all the three generators. The aver-
age reward increases of the three GENCO bidders over
DQN and DDPG are 38.5% and 18.2%, respectively. This in-
crease in the learning performance can be attributed to the
deployment of the centralized training mechanism in MAD-
DPG, where global information is adopted to obtain a com-
prehensive approximation of the multi-agent models. While
in both DQN and DDPG algorithms, only local observations
are utilized to train the neural networks within each RL
agent, which can be biased from the actual market dynam-
ics. Note that the average reward obtained by DQN method
is lower than that of MADDPG and DDPG, owing to that
DQN applies discretization to the continuous action domain,
which can limit the search space and results in sub-optimal

policy.
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Fig. 9. Comparison of learning performance of different RL methods. (a)

GENCO 1. (b) GENCO 2. (c) GENCO 3.

V. CONCLUSION

We present an MADDPG algorithm to approximate NE of
the Markov game in the day-ahead electricity market. The
MADDPG algorithm can learn a profitable bidding strategy
for multiple GENCO bidders through centralized training
and decentralized execution. In the simulation studies, the
MADDPG-based bidding strategy is compared with a naive
truthful bidding strategy, and the former achieves an average
profit increase of 41% over the latter. The MADDPG algo-
rithm is also compared with a model-based method to dem-
onstrate its computational efficiency. The acceleration ratio
of the former over the latter is over 40 times. Finally, MAD-
DPG is compared with other state-of-the-art RL methods in-
cluding DQN and DDPG, and achieves an average reward
increase of 38.5% and 18.2% over the two methods. The uti-
lization of complete information during the training allows
the individual RL agent to formulate a more accurate approx-
imation of the system dynamics and gain an improved learn-
ing performance.

One limitation of the proposed work is that only the day-
ahead electricity market is considered in the paper, while in

543

the real-world, the electricity market is composed of multi-
ple market stages including day-ahead, intra-day, and real-
time market. In such cases, MADDPG can still be applied to
solve the associated Markov game through continuous inter-
action with the environment. Another limitation is that in the
proposed work, only GENCOs act as strategic bidders, while
in the real-world market, large consumers can also submit
their bids to change the market clearing results. Modeling
the multi-stage electricity market bidding and two-sided bid-
ding will be the directions for our future researches.
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