This article has been accepted for publication in IEEE Transactions on Dependable and Secure Computing. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TDSC.2022.3210017

IEEE TRANSACTIONS ON DEPENDABLE AND SECURE COMPUTING , VOL. , NO. , AUGUST 2021 1

A Privacy-preserving State Estimation Scheme
for Smart Grids

Hong-Yen Tran, Jiankun Hu*, Senior Member, IEEE, and Hemanshu R. Pota

Abstract—With the appearance of electric energy market deregulation, there exists a growing concern over the potential privacy
leakage of commercial data among competing power companies where data sharing is essential in the applications such as smart grid
state estimation. Most of the existing solutions are either perturbation-based or conventional cryptography-based where a trusted
central 3rd party would often be required. This paper proposes privacy-preserving state estimation protocols for DC and AC models.
The proposed idea is to distribute the overall task of the system state estimation into sub-tasks which can be performed by local
sub-grid operators with their private data. A masking method is designed inside a homomorphic encryption scheme which is then used
to ensure both the input and output data privacy during the collaboration process among individual sub-task players. Security is
achieved via the computationally indistinguishable post-quantum security guaranteed by a levelled homomorphic encryption scheme
over real numbers and the differential privacy of the output estimated states provided by the Laplace mechanism perturbation
integrated into the masking linear transformation. Simulation results are presented to demonstrate the validity of our proposed

privacy-preserving system state estimation protocols.

Index Terms—smart grids, privacy-preserving, competitive privacy, power industry deregulation, state estimation, homomorphic

encryption, perturbation.

1 INTRODUCTION

He prominent deployment of Advanced Metering In-

frastructure (AMI), Phasor Measurement Units (PMUs)
and other types of sensors and smart devices on power sys-
tems provides rich sources of energy data for various types
of analytics, ranging from energy management to security
operations on smart grids [1], [2]. One of the most critical op-
erations in smart grids is system state estimation [3]. Smart
grid system states can support many useful applications
such as quick fault identification and outage restoration
management, real time performance optimization, etc. [4].
Therefore, it is critical to obtain an accurate system state
estimation for smart grid management.

Power industry deregulation is driving the need for
state estimation of interconnected power systems [5]. In a
deregulated power grid environment, independent trans-
mission grid companies (TGCs) possess their internal mea-
surements, line parameters, network topology, and states
of the portion of the grid they manage. To estimate the
system state of a power grid, certain information from all
involved sub-grids must be shared [6]. However, competing
power companies (TGCs) may be reluctant to contribute
their private data due to the potential of compromising their
interests [7] or the threats of cyber-physical attacks once
the power grid data are accidentally or deliberately leaked
to hackers (e.g, false data injection attacks [8], [9]]). For
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example, the knowledge of the system states of neighboring
power systems can be used to create competitive advan-
tages on an electricity market by tuning a bidding strategy
based on a good forecasting of location marginal price [5].
The more TGCs participate in a wider interconnected grid,
the more complex and cumbersome regulatory and legal
frameworks need to be established to govern the sharing
of data between different operators. This also leads to the
concern of competitive privacy between multiple power
operators [10]. For convenience, the terms “TGC” and “’sub-
grid operator” will be used interchangeably. A grid model is
represented as a set of interconnected buses attached with
power generators and loads as in a standard power flow
analysis.

State estimation in an interconnected power grid can be
performed in an integrated (global) or distributed (local)
manner. For an integrated estimator, the whole measure-
ment set is collected and processed in a single state esti-
mator. For a distributed approach [11f], [12], each sub-grid
performs local state estimation with local measurements
taken within its area and then exchanges some information.
The distributed approach is less accurate than the integrated
one, but less information needs to be shared. Although
the distributed estimator requires fewer data to be shared,
the vulnerability of privacy leakage still exists. Thus, it is
necessary to find solutions for privacy-preserving state es-
timation in interconnected transmission power systems that
can achieve the integrated state estimation while protecting
the privacy of individual sub-grids.

Under the constraint of controlling the trade-off be-
tween state estimation accuracy and the privacy of sub-
grid operators, privacy-preserving state estimation in an
interconnected transmission power grid requires non-trivial
solutions. Encryption and perturbation are two primary
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tools for addressing privacy issues [13]. MPC [14] adopting a
multi-key homomorphic encryption scheme which supports
computation over encrypted data might be a candidate
solution. The drawback is that a multi-key homomorphic
encryption scheme is demanding in not only computation
but also communication costs. The reason is that all parties
have to generate partial decryption and share them so that
it is able to decrypt or evaluate a function in the ciphertext
space [15]. Masking the true data before sharing is another
solution, namely perturbation. But it comes at the expense of
state estimation accuracy degradation [16] or a requirement
of a trusted centre and a secure distribution noise protocol
[17], [18].

This paper examines the solutions to deal with the
competitive privacy of transmission power companies when
collaboratively implementing state estimation in an inter-
connected transmission power grid. From this perspective,
privacy-enhanced versions for DC and AC state estimation
are designed with the main contributions as follows:

e A novel idea is proposed that the overall task
of privacy-preserving system state estimation, for
both DC and AC models, is conducted by privacy-
preserving collaborative computation over dis-
tributed pre-processed data from sub-grid operators.

e Privacy-preserving DC and AC state estimation pro-
tocols in a multi-area transmission grid are designed
to provide a theoretical assurance of achieving state
estimation accuracy and competitive privacy in a
semi-honest adversarial model.

e Analysis of privacy regarding different types of ad-
versaries is given. Privacy is mainly achieved via
(1)- semantic security of a homomorphic encryption
scheme and (2)- local differential privacy of the out-
put estimated states with the Laplace mechanism
integrated into a linear masking transformation.

o Experiments assessments are given and analyzed
with the adoption of parallel matrix computation
on high-performance computing to demonstrate the
accuracy, efficiency, and scalability.

This paper consists of eight sections. Following this In-
troduction section are the Related Works and Preliminaries
sections. The system model and threat model are presented
in Section 4, which is followed by the description and anal-
ysis of the proposed protocols in Sections 5 and 6. Empirical
evaluation is provided in Section 7. Finally, Section 8 is for
the conclusions.

2 RELATED WORKS

The trade-off between privacy and state estimation accuracy
was investigated in an information-theoretic framework
[7], [10]. The study in [16] proposed a privacy-preserving
state estimation method in a single feeder of a distribution
network based on load measurements from smart meters.
Consumers’ meter readings are perturbed with Laplace or
Gaussian noise to achieve differential privacy. While the
perturbation method provides differential privacy, it affects
the quality of state estimation. In addressing this problem,
a privacy-preserving state estimation scheme was proposed

based on the perturbation of meter readings at the distribu-
tion level of a power grid in protecting consumers’ privacy
while still allowing a distribution operator to implement
accurate state estimation [17]. The noise elements perturbed
meter readings are centrally calculated to exploit the kernel
of an electric grid configuration matrix supporting noise-
cancelling in a state estimation process; thus, it does not
affect the quality of state estimation as in [[16]. The limitation
is that the obfuscation necessitates a trusted lead smart
meter to distribute each noise element to each designated
meter. If this lead smart meter is compromised or acts as a
semi-honest adversary, the scheme is insecure. The work in
[18] improved [17] by splitting the process of generating
and distributing the obfuscation vector among multiple
gateways to reduce this vulnerability. However, this ap-
proach also does not provide a secure noise distribution
protocol and still requires a trusted third party. Moreover,
the issue of missing data (e.g., due to a communication loss)
was not considered, whereas this problem could destroy
the distortion error-free property, consequently affecting the
correctness of state estimation. The system models of the
state estimation schemes in [17], [18] are centralized with
only one distribution system operator who carries out state
estimation for a distribution grid; thus, only consumers’
meter readings are required to be kept private. The con-
figuration matrix (i.e, system parameters) and the estimated
states are available for the distribution system operator in
the scheme.

Considering a different privacy scenario in a transmis-
sion system, articles [[10], [19], [20], [21] dealt with the threats
of privacy leakage when state estimation is collaboratively
processed between k sub-transmission systems. Existing
approaches to decentralized state estimation partition the
measurement vector such that each local area-based player
attempts to perform local state estimation with measure-
ments taken within its area. To estimate system-wide state
variables, sub-systems need to share a portion of their data
with others, but this raises the threat of breaching the private
information of each sub-system. For a specific problem of
distributed linear state estimation, [10] presented a trade-off
between estimation fidelity and leakage of private state data
as a result of sharing data in a two-agent network model. In
[19], [20] a privacy-preserving distributed state estimation
with phasor measurement units was investigated but the
scheme still violates the privacy of sub-systems due to the
exchange of information related to measurements on tie-
lines linking neighbouring area. To securely contribute pri-
vate information for a privacy-preserving hierarchical state
estimation, [21]] proposed a privacy-preserving distributed
state estimation framework in which a cloud-based high-
level control centre coordinates low-level control centres to
compute the estimated states. The scheme requires multi-
key homomorphic encryption to implement secure multi-
party computation.

In this paper, we consider the privacy scenario in a multi-
area transmission grid system. This is a competitive privacy
problem [7] amongst the transmission system companies
that have the conflict between the need of sharing data to
estimate global system states with high accuracy (utility)
and the need to withhold data (privacy) for competitive
reasons. The proposed protocols focus on protecting the
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private data of a transmission grid company, not only its
input data (meter measurement readings, power line pa-
rameters, network topology) but also its output estimated
states, while simultaneously achieving the accuracy of the
integrated state estimation. The solution is a hybrid of an
obfuscation technique guaranteeing differential privacy and
a single-key post-quantum secure homomorphic encryption
scheme established in a two non-colluding server model.
The two-non-colluding server model [22] is a core archi-
tecture commonly used by previous works on privacy-
preserving machine learning (e.g., see [23], [24], [25]], [26])
where no server is trusted to handle the clear data. In
this core setting, after collecting private data in protected
forms (often in encryption) from many data-owners, the
two servers then securely compute the model in a 2-party-
secure-computation setting. The first server works on the en-
crypted data over the key of the second server while the sec-
ond server works on the transformed data over the random
elements of the first server. As long as the two servers do not
collude, the security is guaranteed. This approach can help
reduce the complexity of secure multi-party computation.
A single-key homomorphic encryption scheme working on
real numbers and achieving post-quantum security [27] is
adopted. The proposed masking technique guarantees the
differential privacy of the output estimated states.

3 PRELIMINARIES
3.1 Notations and definitions

Column vectors are denoted by lower-case bold letters, like
v. The i-th entry of the vector v is v;. vT is the transpose
of the column vector v. Matrices are denoted by upper-case
bold letters, like A, where AT is the transpose of the matrix
A, and A" is its inverse. Either the zero-vector or the zero-
matrix is represented by 0, which will be clear from the
context. Given a set S, x <—¢ S indicates that  is sampled
uniformly at random from S. The sup-norm of a vector is
defined by ||z|l« = max;{|z;|}. The notions used in this
paper are given in Table

3.2 State estimation

State estimation for electric transmission grids was first
formulated as a weighted least-squares problem in [3]. State
estimation is a central and essential part of every power
control system. The main function of state estimation is to
perform computer analysis of grid states under the condi-
tions characterized by a set of measurements. Specifically,
the output of state estimation is the value of the system state
vector at a specific time point of measurement reading. Most
state estimation programs in practical use are formulated
as over-determined systems of equations (i.e., systems with
more equations than unknowns) and solved as weighted
least-squares problems.

The relationship between the measurement data and the
states can be represented as a vector function h(-) relating
measurements to states, which are linear functions in DC
models or non-linear functions in AC models [28]:

y=h(z)+e (1)

where x € R" is the true system state vector of an N-
bus power system, y € R™ is the measurement vector,

TABLE 1: Notations used in the proposed
privacy-preserving state estimation schemes

Notation Description

N Number of buses

n Number of state variables

m Number of devices (measurement readings)

k Number of transmission grid companies (TGCs)

o? Variance of reading errors of the i-th measuring device

Gi Sub-grid managed by TGC;

Go Interconnection grid managed by SO

n; Number of state variables of TGC;, Zle ni=mn

m; Number of devices of TGC;

B Set of boundary buses

B; Set of boundary buses of TGC;

L Set of inter-area lines

D; Set of devices in TGC;

C Set of controlled parties

Enc; () Encryption of message 1 using the public key of party ¢

Dec; () Decryption of message p using the secret key of party ¢

Eval;(f) Homomorphic evaluation of function f using the
evaluation key of party i

x State variables of the grid, @ = [z, -, )T

Lflat Flat voltage profile (V; = 1 pu, 6; = 0)

z; State variables of TGC;, UF_ z; = =

z* Masked state estimates of the grid, 2* = [}, ,2%]"

T Masked state estimates of TGC;, Ulea%;‘ = z*

() State estimates of the grid at the ¢-th iteration

(i) Internal state variables

x(b0) Boundary state variables

Hy(2()(®))  Estimates of partial derivatives of boundary measurement

functions at 4(°)()
ho(2(2)(V))  Estimates of boundary measurement functions at &(%)(*)
H i(iét)) Estimates of partial derivatives of TGC;’s measurement

functions at igt)

hi(il@) Estimates of TGC;’s measurement functions at :i:gt)

T The number of iterations until mac converges

view] View of adversary A; in the protocol ™

MAX The maximum value of a state variable x € [-MAX, M AX]
€ Differential privacy parameter

T Convergence threshold of ACSE

XZY X and Y are computationally indistinguishable

e € R™ is a measurement error vector assumed to be zero-
mean Gaussian distributed. The corresponding variance
matrix is denoted by S = diag(c?,03, -+ ,02), where
o? is the variance of reading errors of the i-th measuring
device (¢ € {1,---,m}). Every two measuring devices are
mutually independent.

The process of obtaining the estimated state vector & is
called state estimation which is considered the problem of

minimizing the function:

J(@) = ;i (7@, = h”(m))Q @)

gi

where the function h;(x) are the expressions of the mea-
surements (e.g. power flows) in terms of states x. Define a
Jacobian matrix H € R™*" as:

Ohi(z)  Ohi(=) dhi(x)
ohls)  ohale) onelle)
oh T R sz
" () | 0w Er Ot 3)
oz : : z
Ohm ()  Ohm(x) Ohm (x)
oxq Oxo Oxy,
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3.2.1 DC state estimation

In a DC model, the state variables are the angles. The
linear relationship between the measurement data, y, and
the states, z, is given by:

y=H-xz+e 4)
J@)=(y-H )" S (y—H =) (5)

where = = [05,03,--- ,0,]7 € R"~! are bus voltage angles
for a n-bus power grid.

The value of £ minimizing J satisfies the normal equa-
tion A-x =bwhere A=H" .S . H,b=H".81.y.
Thus, by solving the linear system equations A - = b, the
state estimate & with regarding to a DC model is obtained
[28]. Algorithm 1 (DCSE) presents DC state estimation.

e If a device d measures a power flow from bus ¢ to
bus j over the line 75 connecting bus 7 to bus j, then:

hd(ilf) = bij (91 — 0]) (6)

where b;; is the parameter of the line ij

Algorithm 1: DCSE(y, R, G) [28]

Result: State estimate &
1 Based on the DC network model of G, form
h(z)=H -z
2 ComputeA:HT~W~H,b:HT-W-y,Where
wW=8"1
3 Solve A - & = b to obtain &
4 return &

3.2.2 AC state estimation

In an AC model, state variables are phase angles and voltage
magnitudes. The relationship between the measurements
(e.g., active power flows, reactive power flows) and the
states forms a set of non-linear equations. The state vari-
ables in AC models are voltages magnitudes V; and angles
0; (i € {1,---,N}) of all buses in the power grid. The
nonlinear relationship between the state variable, «, and the
measurement, y, can be formulated as:

y=h(z) t+e, 7)

where £ = [02,03,--+ ,0,, V1, Vo, , V,]T € R?"~! and
h(x) is the nonlinear function between the measurement
data and the state variables.

o Ifadevice d measures an active power flow from bus
1 to bus j over the line 75 connecting bus ¢ to bus j,
then:

ha(x) = £ (Vi, V;,0:,0;)
= Vigij — ViVi(gijcostij + bijsindy;)

Wy = ha(@) = f5(Vi = Vi, V; = V;,0; = 6:,0, = 6;)

ij

o If a device d measures an reactive power flow from
bus ¢ to bus j over the line 7j connecting bus ¢ to bus
7, then:

ha(x) = fg(vu ‘/J'?eivaj)

=~V (bij + b5;) = ViVj(gijsindi; — bijeosty;);

(10)
hy=ha(®) = f3(Vi = Vi, V; = V;,0;, = 0,0, = 0)
(11)

where §;; = 0, — 6; and (g;;, bs5, bfj) are the parameters of
the line ;.

Consider these above measurements with (V;,V}, 6;,6;)
as the state variables, the corresponding elements of a
Jacobian matrix H of h are given as follows:

orf ofr ofk off;
90, 90, ;i v
H = : : : :
Q Q Q “
af8 of? of5 of ij
06, 08, ov; Y
- (12)
ofF
8‘7 = 2Vigi; — Vjgijcosti; — Vjbijsinby; (13
OfF
= —V,g;jco80;; — Vibijsinb;; (14)
av, S
ofL
60” = ViVjgijsinbi; — V;V;bijcos0;; (15)
ofF
aolj = —ViVjgijsinbij + ViVbijcosti; (16)
A —2Vi(bij + b7;) + Vbijcosti; — Vigijsinby;  (17)
ofs :
v, Vibijcostij — Vigijsinbi; (18)
of :
T —ViVibi;sin;; — ViV;gi5c050;5 (19)
are .
ok = ViVibigsindi; + ViVigiscost, (20)
i

3.3 Differential privacy

Differential privacy [29] is a strong privacy model that re-
sists background attacks and provides a provable privacy
guarantee. Even if an adversary knows the maximum back-
ground information such as all the other records in a data set
except one record, differential privacy theoretically proves
that there is a low probability of the adversary figuring out
the unknown record.
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Algorithm 2: ACSE(y, R, G) [28]

Result: State estimate &

1 Based on the AC network model of G, form a vector
function h(xz) and H(x) = 8’57(;)

2 t =0, Initialize &) « @y

3 Compute H = H(z®), h* = h(z("),
A:FT-W-ﬁ,b:ﬁT-W-(y—h*)where
W =81

4 Solve A - Az = b to obtain Az®

5 20D = 20 1 Ag®

6

7

If (||A2® || > 7) then { t =t +1; g0 to 3; }
else return &(*

A randomized mechanism M gives e-differential pri-
vacy for every set of outputs S, and for any neighbouring
datasets of D and D', if M satisfies

PrIM(D) € 8] < exp(e) - PrIM(D') € ]

where Pr[-] denotes probability and ¢ is the privacy budget.
A smaller € corresponds to stronger privacy protection, and
vice versa.

Laplace Mechanism [30]: Given a function f : D — R
over a data set D, the following mechanism M provides the
e-differential privacy

M(D) = f(D) + Lap(0,b)
where Lap(0, b) is a random noise sampled from the Laplace

distribution with mean p = 0, scale b = ——, and Af is the
€

sensitivity of the function f.

Differential privacy can be applied in the local setting
where there is no trusted data aggregator and each user
publishes the private data after adding noise individually
[31], [32]. This local setting is for local differential pri-
vacy, which is a distributed variant of differential privacy
[33]. The neighbouring datasets in local differential privacy
are defined as two different values of the input domain.
Randomized mechanisms satisfying differential privacy can
also be applied in a distributed manner to achieve local
differential privacy [33]], [34], [35], [36], [37]. In a local
differential privacy model, each user locally perturbs her
data and then publishes the perturbed data to the server.
This model provides strong protection because only the
users know their exact data value. Given a noised output
from a user, the original data is protected because all the
possible values have similar probabilities to report the given
perturbed output.

Local differential privacy [31], [33]]: A randomized mecha-
nism M satisfies e-local differential privacy if and only if
for any pairs of input values v and v’ in the domain of M,
and for any possible output s in the range R of M, it holds

PriM(v) = s] < exp(e) - PrIM(v') = 5]

3.4 Homomorphic Encryption

Informally, homomorphic encryption is a type of encryption
that allows a computation performed on ciphertexts to
generate an encrypted result such that if it is decrypted,

Fig. 1: Interconnection area between area i and area j

the computation result performed on the plain texts will be
the same. Formally, a homomorphic public-key encryption
scheme £ with key space K, message space M, and cipher-
text space C is composed of the following algorithms:

o E&.KeyGeneration(\) — {sk,pk,ek}: given the secu-
rity paramter ), output a secret key sk, a public key
pk, and an evaluation key ek.

» E&.Encryption(pk, ) — c: given the public key pk and
a message p € M, output a ciphertext c.

o E.Decryption(sk,c) — p: given the secret key sk
and a ciphertext ¢, output p € M, where ¢ =
& .Encryption(pk, ).

o &.Evaluation(f,c1,---,c,ek) — cy: given a func-
tion f M S M, ciphertexts ¢; =
& .Encryption(pk, i1;),4 € {1,---,1} and an evalua-
tion key ek, output a ciphertext cy such that:

&.Decryption(sk,cf) = f(p1, -+, )

4 SYSTEM MODEL AND THREAT MODEL
4.1 System Model

Consider an N-bus multi-area grid as k non-overlapping
areas managed by k independent transmission grid compa-
nies (TGCs). If a bus in one sub-grid connects to buses in
other sub-grids, it is a boundary bus; otherwise, it is an
internal bus. States corresponding to boundary (internal)
buses are called boundary (internal) states. Similarly, if a
measurement in one sub-grid is relevant to state variables
or line parameters of other sub-grids, it is a boundary
measurement; otherwise, it is an internal measurement.
Each TGC owns private data, including internal measure-
ments, internal topology and line parameters, and a set of
estimated states corresponding to its buses. There are two
types of states (or buses) that belong to each TGC: internal
and boundary states (buses). For measurements, each TGC
controls its internal measurements. The boundary measure-
ments (i.e. power flows along tie-lines) are processed by a
system operator (SO). An SO manages the interconnection
area, consisting of tie-lines ending at two boundary buses
(Fig. . A state estimation service (SE) solves the state
estimation problem to help determine the states of the
whole grid. System-wide state estimates are delivered to the
corresponding TGCs (i.e. TGC; receives &; ).

Assume that SO and each TGC; possesses a set of mea-

suring devices D; = {d;,,d;,, - ,d;, } which provides
measurements Y; = [Ya, ;Yd;,> ,ydmi]T and the corre-
sponding variance matrix S; = diag(afli1 , ‘752%’ - ’Uimi ).
Herei = 0forSOand i € {1,--- , k} corresponds to one of k
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TGCs,D; C D = {1,2, ,m},DOUD1UD2U-~UDk =D,
D;ND; =P withi+#jand i, j€ {0,.,k}
For j =[0,--- , k|, define:

where hg; (), ha, (T), ..., hd
Eq.[6 & [10).

TGC;’s internal measurement y; relates to the state vec-
tor « by the vector function h; and the vector error e; as
y; = h;(xz) + e;. SO’s boundary measurement y, relates to
the state vector = by the vector function hy and the vector
error eg as yo = ho(x) + eg. From Eq. @ note that
h; (i € {1,---,k}) just depends on states x; of a single
sub-grid while hy depends on boundary states of multiple
sub-grids, then:

im, (z) are power flows (See

21)
(22)

Yi :hl(m1)+elvz S {17 7k}
yo = ho(z*)) + eg

4.2 Threat Model

A semi-honest adversarial model is considered against the
scheme. Adversaries are assumed to be semi-honest in the
sense that they follow the protocol but can obtain available
transcripts to learn extra information that should remain
private (i.e., passive security). A good estimate of system-
wide states supporting security operations and power man-
agement is a common interest of all parties; thus, it is
reasonable that they are incentivised to follow the protocol
to achieve the best output. However, some parties might
be motivated to conspire with each other against a target
party for some business benefits. For example, SE or SO may
attempt to learn information about private data contributed
by a target honest TGC since this data can potentially be sold
to other TGCs managed by competitive commercial power
rivals. In the above-proposed system model, a semi-honest
adversary can be any party except for the target honest
TGCy,. SE and SO are assumed not to collude but might
conspire with other colluded semi-honest TGC, against the
target honest TGCj,.

Moreover, it is assumed that private and authenticated
peer-to-peer channels exist between parties so that the data
transferred cannot be modified. This can be enforced in
practice with the appropriate use of Digital Signatures and
Certificate Authorities.

5 PROPOSED PRIVACY-PRESERVING STATE ESTI-
MATION SCHEME IN TRANSMISSION POWER GRIDS

The proposed privacy-preserving state estimation scheme
can be seen as secure multi-party protocols run by k + 2
parties (k TGCs, SE and SO). This section presents secure
multiparty computation protocols for privacy-preserving
state estimation (DC and AC models). First of all, non-
privacy-preserving multiparty DC and AC state estima-
tion are introduced. Then, protocols of privacy-preserving
DC state estimation (Fig. and privacy-preserving AC

state estimation (Fig. [3) are designed based on the integra-
tion of privacy-preserving methods into the non-privacy-
preserving versions.

5.1 Non-privacy-preserving version of multiparty state
estimation

In the non-privacy-preserving version of multiparty state es-
timation for DC (Algorithm 3 - MDCSE) and AC (Algorithm
4 - MACSE), the data input for state estimation process is
partitioned and prepared by different parties according to
the partition of a whole transmission grid into multiple sub-
grids. The partition is compatible with the system model
provided above.
In AC models, we have:

A=H'  W.HecRr™ 23)
b=H W-(y—h*)cR" 4)
where:
—T
hy,
_ ET
H=H#) = |"|crm" (25)
hy
—ahdi S
3x1 (-131)
B Oha, , .
ha, = | Oz (£2) eR™ i=1, ,m (26)
Ohg, , .
L Oxy, (xn)_
hdl (S:C)
ha,, (%)
W =diag(o;> 0.7, 07°) (28)
Thus:
A=Y0;% Ry Ry 9)
deD
b= 0,7 hg- (ya — ha(2)) (30)
deD
Then we have:
k
A0+A1+~-'+Ak=Z Z 052-551-52
i=0 deD;
—9 7 T
=> 0, hg-hy
deD
=A (31)

k
bo+bi+-+be=> Y 077 hg (Yya— ha(d))
1=0 deD;
22052.’1(1.
deD
=b

(Ya — ha(x))

(32)

Similar results apply to DC models. Therefore, the cor-
rectness of Algorithm [3| and Algorithm [4] is guaranteed as
the same as Algorithm [1jand Algorithm
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Algorithm 3: MDCSE({y;, Si, Gi }icqo,--k})

Result: State estimate &

1 Based on the DC network model of G;, each party 7
forms a linear function vector: h;(x) = H; -«

2 Each party i € {0,--- , k} computes
Ai :HEVVILHL,I)IL :HiT~VVi-yi,where
W,=S5; !, then sends (A;, b;) to the server

3 The server solves A - & = b to obtain &, where
A=Y" A;and b= b

4 return &

Algorithm 4: MACSE({yv, Si, gi}ie{o,...k})
Result: State estimate &

1 Based on the AC network model of G;, each party ¢

forms a non-linear function vector h;(x) and

_ Ohi(x)

Hj(x) = =5.*
2 t =1, Initialize £ + xg,
3 Each party ¢ € {0, --- , k} computes

H; = Hy(#"),h} = hi(&") ifie{1,-- k)
H, = H;(2®W) b = h;(@®0) ifi=0
and A; = H W, -H;,b; —H Wi (yi — hi)

where W; = S;!, then sends (A;, b;) to a server

4 The server solves A Ax =b to obtain Az®) where
A= ZZ gAijand b= Z

5 The server calculates m(tH) = a:(t + Az®

If (|| A2 || > 7) and (¢ < Tjaz) then { t =t + 1;

go to 3; }
else if (||Az® ||, < 7) return (sol = 1, &("))
8 else return sol =0

(=)}

N

5.2 Privacy-preserving state estimation schemes in
transmission power grids

A commonly proposed approach is applied to construct
privacy-preserving versions of multiparty state estimation
for both DC and AC models. Each party encrypts/perturbs
data before contributing their data for state estimation.
The data protection process in both schemes includes data
preparation, encryption, and masking. For both DC and AC
models, the Setup procedure establishes cryptographic keys
of k+1 parties (k TGCs and SE) to be used during the execu-
tion. Each party generates keys of the homomorphic encryp-
tion scheme, including a secret value key sk for decryption,
a public key pk for encryption, and an evaluation key ek
for homomorphic evaluation from algorithm KeyGen(\),
where A is the security parameter of the homomorphic
encryption scheme. pk and ek of TGCs are published to SE
and SO. pk and ek of SE are published to TGCs and SO.
The followings are the descriptions of privacy-preserving
DC state estimation, as illustrated in Fig. [2} and privacy-
preserving AC state estimation, as described in Fig.

5.2.1 Privacy-preserving DC state estimation

For a DC state estimator (Fig. [2), because of the linearity
property (see Eq. (@), the matrix H is a constant matrix,

then H; (Hy) is directly constructed by a single TGC; (SO).
Each TGC,; prepares its private data A; € R"*", b, € R".
SO also prepares its Ag, bg. For i € {0,--- ,k}:
A;=H} W, Hj,
b= H} - W; -y,

(33)
(34)
A,;, b; are encrypted by TGC; using the SE’s public key:

EAl = EnCSE(Ai),
ebi = EnCSE(b,-)

(35)
(36)

Each TGC; sends their encrypted data (EA;,eb;) to
SO. When obtaining all data from k parties, SO homomor-
phically evaluates the function Zf:o A; (ZLO b;), given k
ciphertexts EA; (resp. eb;):

k
z;O
eb = Evalss () _ b;) (38)
=0

SO generates an invertible matrix R «+g [—1,1]"*", a
random vector 7 from Laplace distribution with zero mean
and variance v = % where MAX is the maximum value
of a state variable.

R and r are used to homomorphically mask the value of
A and b, given the ciphertexts EA, eb:

EA* = EV&'SE(R . A)
eb" = EvaISE(R . (b + A- ’I"))

Then SO sends (EA*,eb*) to SE. After receiving
(EA*, eb*) from SO, SE uses its secret key to decrypt:

A* = Decsg(EA")
b* = Decgg(eb™)

(39)
(40)

(41)

(42)
By solving the problem A* = b*, SE obtains £* =
]

€ R"™ which is the masked version of the estimated
i
k A

T

state vector £ = € R"™. Next, SE encrypts the masked

Ty
states &} of TGC; using TGC;’s public key and then sends
these ciphertexts to SO.

et = Enc;(&]) (43)
exy

SO receives ez = | : | and homomorphically evalu-
ex;

ates:

e:i;i = Evalz(a“:j — 'I"i) (44)

Then SO sends ex; to TGC;. Receiving eZ; from SO,
party TGC; uses its secret key for decryption to get the
estimated state @;:
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Privacy-preserving DC state estimation protocol

TGC; i=1---k SO

KeyGen(\)

H; « DC(Gy)
A;=H] W, H;
b =H, Wy,

Ho(—DC(go)
Ao = H} - W, - Hy
bg :Hg'Wo “ Yo

EA; = Encgg(A;)
eb; = EnCSE(bi)

r < Lap(0,v,n), R g [—1,1]

k
(EA;, eb;) EA = Evalss (> A))
=0
k
eb = Evalse (D b;)
=0
EA" = EvaISE(R . A)
eb” = Evalgg(R- (b+ A - 7)) (EA™, eb™) A" = Decgs(EA")
b = DeCSE(eb*)
SE solves A™ - ™ = b™ to obtain
& = (&],85,---,&;) €R”
&; = Dec,(ex;) e®; e®; = Eval; (& — ;) (edy, -, edk) ed; = Enc;(2]), i€ {1---k}
ie{l---k}

nxn

KeyGen(\)

Fig. 2: Privacy-preserving DC state estimation

5.2.2 Privacy-preserving AC state estimation

For an AC state estimator (Fig. , H(z) = 8’57(;) is a
function of the states and changes its value based on the
estimated states of the previous iteration. A flat voltage
profile g, (V; = 1,0; = 0) can be used as the initialization
of state estimates (1) (¢t = 1).

It can be seen that each TGC;

hi(:&l(-t)), Hi(ﬁzl(-t)) with its tie-line parameters and state es-
timates &, from the previous iteration (line 3 of Algo-
rithm [2). However, SO cannot calculate ho(2(?®)) and
H(2(*)®)) by itself because it only has the boundary tie-
line parameters, not the boundary state estimates 2(")(*),
Fortunately, homormophic encryption helps to solve this
problem by allowing SO to homomorphically compute the
encryptions of ho(2*)®) and Hy(2®*®)) based on the
encryption of several specific functions of the boundary
state estimates :ﬁgbo)(t) shared by each TGC;.

Each TGC,; prepares its private data A; € R"*", b, € R™:

can compute

(46)
(47)

Ay and by are available to SO in DC state estimation, but
they are not in AC state estimation. What SO can have is the
encryption E Ay of Ay and the encryption eby of by.

TGC; sends their encrypted data (EA; eb;) to
SO. Besides, for each boundary bus b in sub-grid
Gi;, TGC; sends a vector of six ciphertexts ¢, =
(Cby s Chys Cbs s Chys Cbs > Cbg) Which are encryptions of p, =

(V4, sinfy, costy, V2, Vysinby, Vicost,) to SO. SO homo-
morphically computes encryption of Hy(2(?)®) and
ho(2(%)®) from these ciphertexts received from all TGCs.
Next, SO sends the encryptions of Hy(#®*®) and
ho(2()®) to SE, who decrypts them to get (Hy, h})
and calculates (A, bg). Then SE creates the ciphertexts
(E Ay, ebg) which are sent back to SO.

Each TGC; has an indicator 52@, whose value 1 or 0 cor-
responds to the true or false of the condition ||A3E,Et) lloo > 7.
The encryption of the indicator value ﬁi(t) helps hide the
information that whether HA:i‘Et) || is greater than 7 or not.
The homomorphic encryption scheme is adopted again to
encrypt ﬁlm under the SE’s public key. Then, the encryption
of the sum Zle ﬂi(t) is homomorphically evaluated by SO
and then decrypted by SE to obtain the value of cont(®)
which is sent back to all TGCs to instruct the loop to
terminate or continue.

e = Encsp(8") (48)
k

econt™ = EnCSE(Z 65”) (49)
i=1

cont) = Decgg(econt®) (50)

Similar to privacy-preserving DC state estimation, having
encrypted data from all kK TGCs, SO homomorphically eval-
uates the sum function and the transformation using the
random noises (R, r) it freshly generated at each iteration
before sending the encrypted results to SE.
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SE decrypts the ciphertexts received from SO and then
solves the problem A* - Az* = b* to obtain Az*(),

Then, SE encrypts each Aif(t) using the public key of
the corresponding TGC;, and sends all these ciphertexts
to SO. Receiving these ciphertexts from SE, SO carries
out homomorphic computation on the encrypted data to

obtain the encryption of Aﬁzl(-t) under the public key of the
corresponding TGC;. These ciphertexts are finally sent back
to TGC;. Using the secret key, TGC; obtains A:igt) and the

state estimates for the next iteration &' ™) = :fcl(»t) + AaA:Z(-t)

i

6 ANALYSIS OF THE PROPOSED SCHEMES

6.1 Correctness
6.1.1 Privacy-preserving DC state estimation

Based on the correctness of the homomorphic evaluation of
the underlying homomorphic encryption scheme, from Eq.

B9, @0), we have:

A* =Decsgp(FA*)=R- A (51)
b* = DecgE(eb*) =R (b =+ A- ’I") (52)
From Eq. (#4), (5):
Zf?i = Dec,;(e:i:i) = .’IA}T - 7; (53)
rT=a*—r (54)

Multiply both sides of Eq. with the matrix A, we have:

A-z=A (z*—7r)
=R 'R A (")
=R ‘' (A*-3*-R-A-r) fromEq. (5I)
=R' -R-A-r)
=R ' R-b fromEq. (52
=b

A - = bshows that & is the state estimates of non-privacy-
preserving state estimation.

6.1.2 Privacy-preserving AC state estimation

Note that protocol mac is a sequential composition of INIT
procedure and T iterations of the function block within the
Repeat-Until loop (Fig. [B), which is denoted as 7.

mac = INIT|[{m: }{—,

To demonstrate that mac is correct, we prove that
my correctly estimates A& and the convergence condition
|[AZ |l < 7 is correctly checked at the ¢-th iteration.

As can be seen from Fig. 2| and Fig. B} y — h* and
AZ in m; substitutes y and & in wpc respectively. The
changes between mpc and m; is that (Hg, hg) (or (Ao, by))
are not available for party SO in ;. Thus, in m; SO needs
to homomorphically evaluate functions Hy(2(?®)) and
ho(2()®) to get the encryptions of (Hy, hj), and then
the encryption of (Ao, bg). The correctness of homomor-
phic evaluation of the underlying homomorphic encryption
scheme guarantees that SO obtains the correct encryption of

(Ag, by). Consequently, 7, correctly estimates Az(*) at the
t-th iteration.

b* = Decsg(eb*) = R-(b+ A -7) (55)
Az = Dec;(eAs!)) = Az — p, (56)
Az = Ag*) — ¢ (57)

Multiply both sides of Eq. with the matrix A, we have:
A-Az® = A (A — )
=R 'R A (Az*® —7)
=R ' (A" A& _R-A-r) from Eq.
=R ' (b -R-A-7r)
=R ' R-b fromEq
=b

The convergence condition is checked correctly. In fact,
the loop terminates when:

182D |0 < 7 = {IAK oo < Thizr
= {8 = 0}iz1

k
=5 =0
i=1

= cont™ =0

The homomorphic encryption scheme adopted guaran-
tees that cont® = Y% Bi(t)_

6.2 Privacy

To implement global state estimation, it necessitates sharing
private data between TGCs and SO which violates TGCs’
privacy. There are three different types of private data
corresponding to each local TGC;, which are the meter
measurements (y;), internal line parameters (h;(x;)), and
the estimated states (&;). Here (y;, hi(x;)) is the private
input and &; is the private output of state estimation. The
following analyses the privacy protection that the schemes
provide in a semi-honest adversarial model, with regarding
to two types of adversaries:

e Semantic security protection of the private input and
output against an adversary .A; controlling SO and
colluded parties TGCs;

o Local differential privacy protection of the private
output and multiplicative masking protection of the
private input against an adversary Az controlling SE
and colluded parties TGCs.

6.2.1 Privacy protection against an adversary A,

In a semi-honest adversarial model, the adversary .4; has
to follow exactly the protocol; thus, the leakage of private
information of an honest party is only attributed to the
view of A; in the execution of the protocol. Therefore, the
proof of privacy is based on the construction of a simulator
who resides in a secure-by-definition “ideal world” and
generates a view for A; given A;’s input and output. The
requirement is that the generated view is computationally
indistinguishable from the real view of A; in the “real
world” (i.e. real execution of the protocol) [38]]. This implies
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TABLE 2: Encryption of Hy(2()®) hy(2(t2®)

Chy = EncSE(Vb)
Chy = EnCSE(SiIIQb)

cp, = Encsg(costy,)
Cb4 = EanE(Vb2)

Chy = El’lCSE(‘/b . Sil’leb)
cpg = Encsg (V4 - cosby)

EnCSE(thP) = Ciy " Gij

= ij - (ig * Cjg + Cig - ¢j5) = bij - (Ci5 - Cjg

EanE(hZQ) = —Ciy * (bl‘j + bfj) — 9ij - (Ci5

“Cjg = Cjs * Cig) = bij - (Cig * Cjg + Ci5 * Cj5)

= Cj  Cig) ‘

P

15}
Encee(5v7) = 2¢iy - 9ij — 9ij - (jg - Cig + Cj5 * Cip)

= bij - (¢jg - Ciy = Cj5 - Cig)

P

o
Encse (7)) = =945+ (Cig * Cjs + Cig * €)=

bij - (Cig - Cja — Cis * Cj3)

afkb
(L) = gij - (ciz " cjg

i

= Cig * ¢j5) = bij - (ig - ¢jg + Ci5 - Cj5)

-
Encse(g5:") = —9i5 - (ci5 - cj

= Cig * Cj5) +bij - (cig - cjg + Cig - Cj5)

ord
EanE ( 6\2

) = —2ciy - (bij +b7;) +bij - (Cig - Ciy + Cjs * Cin) = Gij * (Cjg * Ciy

Q

af%
Encsi(Zy:) = bij - (¢ig - ¢ja + Cig ~ ¢j2) = 9ij * (€5~ ¢jg = Cig * ¢j2)

org

0. ) = —bij - (ci5 - cjg

EanE (

— Cig " Cj5) — 9ij - (Cig " Cjg + Cig * Cj5)

Q

sl
=]
o}
[o2)
o

af <
Encse(5p:) = bij - (¢is * ¢jo — Cig * ¢js) + 9ij * (Cig * Cjg + Cig * ¢js)

— Cjs - Ciz) ‘

that A; learns from the real protocol execution nothing
more than from the ideal protocol execution which provides
security and privacy. In other words, a protocol protects
privacy in a semi-honest adversarial model if whatever can
be computed by a party participating in the protocol can be
computed based on its input and output only.

Definition 1. The protocol 7 realises state estimation function-
ality with privacy protection against a probabilistic-polynomial
time adversary Ay who controls SO and colluded TGCs in a semi-
honest adversarial model if there exists a probabilistic -polynomial-
time algorithm S generating simulated views for the adversary A;
such that:
{S(\Ta,,04,)} = {viewy, (A I)}

where X\ is the security parameter, Ta,,O, are the input
and output of the adversary Ay, T is the input of all parties.
S(N, Ta,,O,) is the simulated view, view’y (A, L) is the adver-
sary Ay’s real view in an execution of protocol m which includes
the adversary’s input, internal random tapes, and incoming mes-
sages.

In the proposed privacy-preserving protocols for DC
and AC state estimation, what the adversary 4; can
have to deduce some information about an honest party
are its input, output, and incoming encrypted messages.
Informally, the above formal definition implies that what
the adversary A, learns about the private data of an honest
party TGCj, from the protocol execution is no more than
what she/he can derive from her/his input and output.
Obtaining incoming encrypted messages of the target
honest TGC’s private data in a real execution of the protocol
does not add up more information for the adversary A;.
In the followings, we will prove that both mpc and mac
satisfy Definition 1 in terms of providing semantic security
protection of the private input and output against an

adversary A; controlling SO and colluded parties TGCs.

a. Privacy-preserving DC state estimation

We prove that mpc realises DC state estimation functionality
with privacy protection against a probabilistic-polynomial
time adversary .4; who controls SO and colluded TGCs
in a semi-honest adversarial model with regard to Defini-
tion 1. That is, there exists a probabilistic polynomial-time
algorithm SPC such that the generated views by SP¢ are
computationally indistinguishable from the real views of the
adversary A; in a real execution of protocol mpc:

{SPC(N, Ze, Oc)} = {view™}

where A is the security parameter, Z¢ is the input of 4;’s
corrupted parties, O¢ is the output of A;’s corrupted par-
ties.

The view of A; who controls colluded TGCs and SO
during an excecution of mpc consists of the inputs, the
internal random tapes of corrupted parties, and all the
messages corrupted parties received [39], which is:

(58)

View;rDC = ((Skm H,, yC)CEC\507
(H()a Yo, R) T)a (pki7 eki)iEHU{SE}a

Eiic1.-k}» EsE)

(59)

where &; is the set of all ciphertexts using TGC;’s public key,
&k is the set of all ciphertexts using SE’s public key sent to
Ay’s corrupted parties:

Esg = ({EA“ ebi}ie{o...k})
& ={ex] ticqr 1y

(60)
(61)

SPC is given the security parameter )\, input Zp =
{H.,yc}cec and output Oc = {Z}eec\(soy of Ai’s col-
luded parties, and works to generate the view for A; as
follows:

o  SPC honestly follows the protocol to generate the sets
of keys (sk/,pk’,ek’), R, v’
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« Due to the fact that SP° does not have the input and
output of the honest TGCj,, which is (H}, yp, p), it
sets the ‘garbage’ data of the n x n identity matrix
and the zero-vector of n components for the honest
parties’ data instead.

e SPC honestly follows the protocol to generate the
encryption set £, which is:

&g =({EAL, eb}.cc, {Encsg(T), Encsg(0) }ren)

(62)

o SPC€ calculates the masked states &} g
& =&+ (63)
where #. is known by SP¢ and &, = 0 is the

‘garbage’. Then SPC encrypts all masked states:

(Eicrin =({ed? Yeee\ fsoy» (ENCh () bren)
(64)

o SPC outputs the generated view for A; as:

SlDC(Av:ZC7 OC) = ((Skga HC? yC)CEC\SO7
(HO7 Yo, R/7 Ir/)a (pk;7 ek;)iEHU{SE}a

Eiicf1kys Ex) (65)

It remains to show that the distribution of the real
view and the distribution of the generated view is
indistinguishable. Note that, because the estimated states
&, (the plaintexts) of the honest party TGCj, is a part of
the whole estimated states £ computed from Ax = b,
the adversary can have some information about &.
This derived information can be denoted as an auxiliary
information L(&|(&., H.,y.)) of the plaintext &, that
is leaked to the adversary from the adversary’s input
(H.,y.) and output &.. This is the deterministic leakage
from the output of the state estimation functionality given
a fixed input. This leakage is independent of the random
messages (i.e. the ciphertexts) generated in the proposed
protocol. Importantly, the definition of semantic security
also considers an arbitrary auxiliary information function
of the plaintext that may be leaked to the adversary. In state
estimation, the leaked information L(&p|(&., H¢,y.)) of
the plaintext & is auxiliary information of the plaintext
&p,. Hence, the indistinguishability of the view distributions
can be justified by the indistinguishability of semantic
security of the underlying homomorphic scheme with
auxiliary information. By the semantic security of the
underlying homomorphic encryption scheme with
auxiliary information, the sets of the ciphertexts in the
real execution and in the simulation are computationally
indistinguishable. Besides, the sets of keys and random
elements are identically distributed in the real execution and
in the simulation (due to a semi-honest adversarial model).
Therefore, the views are computationally indistinguishable.
g

b. Privacy-preserving AC state estimation
We use the modular sequential composition theorem for

a semi-honest adversarial model [39], [40] to prove that mac
privately computes AC state estimation functionality in the

present of adversary A;. Note that, mac = INIT||{m}L,,
then view "¢ = view V|| {viewT*}T_;

Sub-protocol INIT generates the keys (sk;, pk;, ek;) used
in all subsequent sub-protocols 7;. The view of 4; who
controls colluded TGCs and SO during an execution of
INIT consists of the inputs, the internal random tapes of
corrupted parties, and all the messages corrupted parties

received:

ViewaNIT :((Skcvpkca eke, Hc(wc)a hc(:l:C))CEC\SO)

(yo, Ho(z*), ho(z*))),

(Pkn, ekp)ner, ) (66)

First, we prove that 7; realises one iteration of ACSE
with privacy protection against a probabilistic-polynomial
time adversary .4; who controls SO and colluded TGCs
in a semi-honest adversarial model. That is, there exist
probabilistic polynomial-time algorithms S} such that the
generated views by S} are computationally indistinguish-
able from the real views of the adversary A; in a real
execution of protocol m:

(StLZ, 09} £ {view]'} (67)

where A is the security parameter, Iét) is the input of
corrupted parties of A, Oét) is the output of corrupted
parties of A;.

Iét) :((Skm pkc> ekc)7 Ye, igt)’ Hc(é:gt)% hc(:i:z(:t)))CGC\{SO}7
(yo, Ho(x* D), ho(x ") M), (pkn, ekn)ner) (68)

O =(cont®, &7 1) (69)

where contt) = Zle(ﬂﬁ:gtﬂ) - C%Et)Hoo >771:0)

The view of A; who controls colluded TGCs and SO
during an execution of m; consists of the inputs, the internal
random tapes of corrupted parties, and all the messages
corrupted parties received, which is:

viewT" = ((ske, ke, €ke, Ye, i:((f),
Hc(:i:gt)), hC(iigt)))cec\SOa

(R r® yo, Ho () ®)) ho () ®))),

(pkha ekh)he';-[u{s]g} , cont(t) ,

t t
)y &)

where Si(t) is the set of incoming ciphertexts using TGC;’s

public key, Es(é) is the set of incoming ciphertexts using SE’s

public key sent to A; s corrupted parties at the ¢-th iteration:

D —({EAY &b, {cVven,, B Vic 1. hy

(70)

EAY eb 71)
D —fend; Y (72)

S} is given the security parameter )\, input 7, and
output O((:t) of the colluded parties and works to generate
the view for A; as follows:

oS! honestly follows the protocol to sample R, r(*).
« Due to the fact that S} does not have the input
and output of the honest TGC, it sets the ‘garbage’
data of the n x n identity matrix, the zero-vector
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of n components, and the zero value for the honest
parties’ data instead.

oS! honestly follows the protocol to generate the
encryption set £, which is:

" =({EAY b’ (e} Yren.. B }eee (50}

{Encsg(I), Encsg(0), {Encsg(0) }ves,, , Encsg(0) brew,

Encsg(I), Encsg(0)) (73)

e 8! calculates the masked of the state difference

Az D,
AzrD = Az 4 70 (74)
where Azl = 2™ — 2 is known by S and

AIBg) = 0 is the “garbage’. Then S} encrypts all the
masked of the state difference:

{gi(t)/}ie{lmk} =({eA&;} e\ 503
{Enen(r;))nen)
« S! outputs the generated view for A; as:
SINIE, OF)) = (she phe, cheye, 2,
Hc(mff)), hc(:cg )))CEC\SOa
(R®,
(Pkn, ekn)nenogsey, cont™,
{ED Y icinys e

75)

(76)

From Eq. and the semantic security of the
underlying homomorphic encryption scheme, the sets of
the ciphertexts in the real execution and in the simulation
are computationally indistinguishable. Besides, the sets
of keys and random elements are identically distributed
in the real execution and in the simulation (due to a
semi-honest adversarial model). Therefore, the views are
computationally indistinguishable, and is proved.

Next, to prove that mac realises AC state estimation with
privacy protection against a semi-honest adversary A; who
controls SO and colluded TGCs, we construct a probabilistic
polynomial-time algorithm S*C such that the generated
views by S*C are computationally indistinguishable from
the real views of the adversary A; in a real execution of
protocol mac:

{SEC(N, Ze, Oc)} = {view™} (77)

where A is the security parameter, Z¢ is the input of cor-
rupted parties of A;, O¢ is the output of corrupted parties
of Al.

Ic :{{yca Hc(-'B
{y07 Ho(w(b()))7
Oc ={{@c}cec, sol}

S£C is given A, Z¢, Oc and works to generate the view
for A; as follows:

0)7 hc(mc)}cEC7
ho(@")}} (78)

(79)

oS¢ honestly follows the protocol to generate sets of
keys (sk;, pki, ek;).

) yo, Ho(z*1), ho(2*)1)),

e Sett=1, 2" = xq,, and initialize:

((Skmpkcu eka Hc(wc)u hC(wC))CGC\SO’
(yo, Ho(z*)), ho(z*)),

INIT _
S =

(Pkn, ekn)ner, &) (80)
From Eq. (80), we have
{SNT} = {view!N'T} (81)

Set V = SNIT
e Repeat

Invoke the simulator S? on the input Iét) and

the output O((:t) of the corrupted parties.
- Set

V=V|S8MKId,0)
- Sett=t+1,

Until (contt=1) == 0)||(t == Traz + 1)

e SetT =1t — 1 and output V as the simulated view
SPC(N, Ze, Oc) that Si€ generates for adversaries
A

Finally, we prove that {SAC(\, Z¢, Oc)} = {viewT}
using the hybrid technique of modular sequential composi-
tion theorem for semi-honest adversarial models [39] given
(St T, 00} £ {view '} and {SNT} £ {viewN'T}.

Denote H; as the hybrid distribution representing the
view of adversary A; in an execution of mac, with the
exception that the view of the INIT procedure is re-
placed by the simulated transcripts SINT and the views
of the first ¢ invocations of mq,---,m; are replaced b
the simulated transcrlpts ST, M (’)(1)) SZ(A, ¥ (9(2))

LSt Ic ). 0. So, Hy = {SAC()\ Ze, Oc)}. Besides,
{view(*“} = Hj given {VIEWINIT = {SINIT}, and H, =
Hyy given {view]"*'} = {S! tH)()\ T (1) (’)(Hl )@=
0---T —1). Thus, we have:

{view™} = Hy = Hy - --

6.2.2 Privacy protection against an adversary A,

In the proposed privacy-preserving protocols for DC and
AC state estimation, the additive and multiplicative mask-
ing methods provide privacy protection against As. In
the followings, it will be demonstrated that the proposed
schemes provide local differential privacy protection of the
private output and sufficient multiplicative masking protec-
tion of the private input against an adversary Aj.

The adversary A can only obtain the perturbed &*
and Az®* in DC and AC state estimation, respectively.
For DC state estimation, the estimated state vector & is
masked with an additive Laplace random noise vector
(&* = &+r), where r is randomly sampled from the Laplace
distribution Lap(0,v,n), v = % (z; € [-MAX,MAX]).
Thus, mpc provides e-local differential privacy protection
for & with the Laplace mechanism [33], [36], [37]. For AC
state estimation, a new randomness r(*) is freshly sampled
at each iteration ¢ from Laplace distribution Lap(0,v,n),
v = 2ZMAX After each time of running AC state estima-
tion, .A2 can only obtain the random perturbed Az*(*) =
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Az® + ), Assume that, having Az*(*=1), the adversary
Aj can obtain &*®) = (=1 + Ag*t-1) (e.g, with t = 2,
(=1 = xg.). Note that, 2V = #(¢-D 4 Az and
Az = Agt=D 4 ptD; thus, 250 = 2 + (7D,
where (=1 « Lap(0,v,n),v = ZMAX_ Therefore, mac
provides e-local differential privacy protection for &(*) with
the Laplace mechanism.

By adopting the multiplicative masking for A using
an invertible matrix R, from the public information that
the state estimation functionality is solvable or not, an
adversary can deduce the singularity of A. If the state
estimation problem is solvable, A* is invertible, and then
A is also invertible (det(R - A) = det(R) - det(A)).
However, even knowing about the singularity of A,
the adversary cannot deduce the singularity of A,
(i.e., no information of Hj, y;) due to the fact that
det(A. + Ap) # det(A.) + det(Ay). Besides, A} and b}
are not available to TGC, due to the unknown randomness
(R,r). Thus, having the relation A*.z* = b* and (A, b.)
from colluded parties does not add more information
about (A;,b}) than from only knowing (A*,b*), given
A" = A} + A, b* = b} + b:. Moreover, from the
result of the statistical properties of multiplicative noise
masking for confidentiality protection [41]], the efficacy
of noise multiplication R - A for privacy protection of
Ay, is estimated formally according to the variance of
the noise distribution to generate the randomness R.
The disclosure risk assessment is put in the scenario
where an adversary knows the perturbed cell total
(A*[i, 5] = >k R[i, k] - Alk, j]) and tries to infer about the
value of a specific cell A[k,j] (not mention the value of
Aplk,j]). As from [41], the sufficient privacy for practical
applications to be required would be that approximate 95%
error bounds for each value A[k, j] are at least p% away
from its actual value. One possibility is to set g = p/200
[41]. Therefore, we can choose suitable noise distribution
to achieve sufficient privacy protection with multiplicative
masking R - A. For example, with R <«+g [—1,1]"*",
or = 2//12, then p ~ 115.

6.3 Communication and computation analysis
6.3.1 Computation cost

We estimate computation overhead in terms of the number
of homomorphic computation operations in the protocols,
including homomorphic encryption (#Enc), homomorphic
decryption (#Dec), and homomorphic evaluation (#Eval).

TABLE 3: Computation cost of mpc

#Enc #Dec #Eval
TGC; 2 1 0
SO 0 0 5
SE k 2 0

The computation cost of mpc is summarised in Table
In mpc (Fig. [2), each TGC; executes 2 encryption operations
and 1 decryption operation. SO executes 5 homomorphic
evaluation operations. For SE, the number of encryption and
decryption operations is k and 2, respectively.

TABLE 4: Computation cost of mac

#Enc #Dec #Eval
TGC; T-(3+6-|Bi]) T 0
SO 0 0 T-8
SE T-(k+2) T-5 0

The computation cost of mac is summarised in Table E}
In mac (Fig. , for each 7, each TGC; executes 3 encryption
operations to get E A;, eb;, ef3;, and 6 encryption operations
to get ¢, corresponding to each of its boundary bus b, thus
counts to T'- (3+6-|B;|) encryption operations. The number
of decryption operations that each TGC; computes is T'. SO
executes 8 homomorphic evaluation operations. For SE, the
number of encryption and decryption operations is T'- (k+2)
and T - 5, respectively.

6.3.2 Communication cost

Table [5| provides the overall communication complexity of
mpc and Tac in terms of the number of the plaintexts and
the ciphertexts sent at each step of the protocol. Denote
Ly, L, Ly, as the size of a plaintext, a ciphertext, and a pair
key (pk, ek) respectively.

In 7pc, each TGC; sends its (pk;,ek;) to SE and SO,
2 ciphertexts to SO; SO sends 2 ciphertexts to SE and k
ciphertexts to k& TGCs; SE sends its (pk;,ek;) to SO and
TGCs and k£ ciphertexts to SO. Thus the number of key
messages is: 2 -k + k + 1 =3 k + 1, the number of cipher
messagesis:2-k+2+k+k=4-k+2.

In wac, besides 4 - k 4 2 ciphertexts as in 7mpc, for each 7,
there are additional 2 ciphertexts (EH, ehj) sent from SO
to SE and 2 ciphertexts (E Ay, ebg) sent from SE to SO, 6-|B|
of ciphertexts corresponding |B| boundary buses, k cipher-
texts ef3; sent from k TGC; to SO, and 1 ciphertext econt sent
from SO to SE. Thus, the total number of ciphertexts trans-
ferredis T-(4-k+2+2+2+6-|B|+k+1) = T-(5-k+7+6-|B|).

7 EMPIRICAL EVALUATION

In this section, the proposed privacy-preserving state esti-
mation schemes are simulated on the IEEE 14-bus system
[42]]. The efficiency and scalability are then analysed on big-
ger systems (for example, IEEE-118 bus [43]] and IEEE-300
bus [44]) with the adoption of parallel matrix computation
on high-performance computing infrastructure.

The IEEE 14-bus test case represents a simple approxima-
tion of the American Electric Power system as of February
1962 [42]. It has 14 buses, 5 generators, and 11 loads (Fig. EI)
The IEEE 14-bus system is divided into 3 sub-systems TGCs
with the statistics of the partition of the boundary (#bo)
and internal (#in) buses and lines as in Table [6| in which
three sub-systems are managed by TGC;, TGC,, TGC3 and
the interconnection area is handled by SO.

DC and AC load-flow calculations are performed using
the open-source power system simulator Pandapower [45]
to update voltage magnitudes and phase angles throughout
the system. The results of the load-flow calculation represent
the true states. Measurements are generated from the true
states by adding device errors which are assumed Gaussian
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TABLE 5: Communication cost of mpc and 7a¢

Communication cost

TDC

Li- (3 k+1)+Le-(4-k+2)

TAC

Li- (3 k+1)+T -Le - (5-k+3+6-|B|)

Bus 13

Bus 12

Bus 11

Bus 14

Fig. 4: IEEE 14 bus system [42]

TABLE 6: Partition of the IEEE-14 bus system

| Subsystem | bus | line |
| | #bo | #in | #bo | #in |
| TGCy ([1, 2,5, 6]) | 3 | 1] 0 | 4 |
|  TGC2([3,4,78,9)) | 3 | 2] 0 | 5 |
| TGC3([10,11,12,13,14)) | 5 | 0 | 0 | 3 |
| 50 [0 J o080

random noise with zero-mean and standard deviation of
0.01. The convergence threshold € for AC state estimation is
set to 107°. The performance metric is Root Mean Square
Error (RMSE):

1 n
RMSE = 7,5 Ly — x;)?
S " (T — x;)

i=1

where z; is the true state from load-flow calculation and Z;
is the i-th estimated state.

The homomorphic encryption scheme CKKS [27] is
adopted as the underlying homomorphic encryption. An
encryption operation Enc(z) includes encoding x first and
then encrypting. A decryption operation Dec(y) includes
decrypting y first and then decoding. This scheme supports

arithmetic operations over ciphertexts and arithmetic opera-
tions over ciphertexts and plaintexts. The scheme’s security
is based on the RLWE assumption over the cyclotomic ring
R = Z[X]/(X* + 1). The setting is based on [46], with A\ =
213, We also utilise library HEMat, [46] which demonstrates
reasonable performance for practical use (e.g. homomorphic
evaluation of CNN, making a prediction based on encrypted
data and model) to encrypt a matrix homomorphically and
perform arithmetic evaluation on encrypted matrices.

TABLE 7: DC state estimation on IEEE-14 bus system

DCSE MDCSE TDC
RMSE of &g 0.7932 0.7932 0.7928
Time (s) 0.0568 0.0972 38.689

We carry out the proposed privacy-preserving DC and
AC state estimation and compare the results with the cor-
responding non-privacy-preserving version. As can be seen
from Table [/ and Table 8 the RMSE errors of the proposed
scheme are similar to the non-privacy-preserving versions.
The approximation is due to the approximation property
of the underlying homomorphic encryption CKKS working
on real numbers. The proposed privacy-preserving state
estimation does not degrade the overall state estimation
accuracy significantly. For time complexity, the privacy-
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TABLE 8: AC state estimation on IEEE-14 bus system

ACSE MACSE TAC
RMSE of &g 0.0788 0.0788 0.0793
RMSE of &y (x10~3) 1.233 1.233 1.251
Time (s) 0.0795 0.1303 190.818
preserving versions take longer to finish than the non- ACKNOWLEDGMENTS

privacy-preserving versions due to the homomorphic op-
erations applied in the scheme.

Next, the efficiency and scalability of the system are
analyzed on bigger systems (for example, IEEE-118 bus and
IEEE-300 bus) with the adoption of parallel matrix compu-
tation on high-performance computing infrastructure.

With A = 213, a matrix of size 64 x 64 can be encrypted
in one ciphertext, which is sufficient for a data matrix of
size 27 x 27 in the IEEE-14 bus system. For bigger systems
like IEEE-118 bus and IEEE-300 bus, 235 x 235-matrices of
IEEE-118 bus system and 599 x 599-matrices of IEEE-300
bus system are too large to be encoded into one ciphertext.
The approach is to partition these large data matrices into
k? sub-matrices, where k = |n/64] + 1, and then encrypt
them individually (n = 2- N —1, N is the number of buses).
Arithmetic operations (addition, multiplication) over large
matrices can be expressed as block-wise operations over the
sub-matrices of 64 x 64 size as the same as IEEE-14 bus
system. With parallel matrix computation algorithms [47],
high-performance computing can be adopted to accelerate
the computation speed. For instance, DNS algorithm of
matrix multiplication performs matrix multiplication in time
O(logk) - Tsy by using O(k?/logk) processes where k? is
the number of blocks and 754 is the time for homomorphic
matrix multiplication of 64 x 64-matrices.

For the IEEE-118 bus system, by utilizing the computing
system with k%/logk = 32 CPUs (k = 4) with DNS
algorithms for matrix multiplication [36], the computation
time can be estimated as logk = 2 times as that of the
IEEE-14 bus system due to the fact that homomorphic
matrix multiplication consumes the most computation
cost. Similarly, for the IEEE-300 bus system (k = 10),
the corresponding computation time can be estimated as
logk = 3.322 times as that of the IEEE-14 bus system.

8 CONCLUSION

This paper designs privacy-preserving state estimation
schemes for DC and AC models to solve the problem of
competitive privacy in a deregulated environment of inter-
connected transmission grids. Private protocols based on
a hybrid approach of a linear transformation for masking
and a quantum-secure homomorphic encryption scheme
established in the two-non-colluding-server model are de-
signed and analysed to be secure. The proposed protocols
guarantee the state estimation accuracy and the competitive
privacy of each sub-grid. The results from this research
motivate us to design other privacy-preserving security
operations in smart grids, such as privacy-preserving false
data injection detection schemes which utilize the private
estimate outputs of the proposed system.

This work is partially supported by ARC Discovery Grants
(DP190103660, DP200103207) and ARC Linkage Grant
(LP180100663).

REFERENCES

[1] J.Huand A. V. Vasilakos, “Energy big data analytics and security:
challenges and opportunities,” IEEE Transactions on Smart Grid,
vol. 7, no. 5, pp. 2423-2436, 2016.

[2] Y. Wang, Q. Chen, T. Hong, and C. Kang, “Review of smart me-
ter data analytics: Applications, methodologies, and challenges,”
IEEE Transactions on Smart Grid, 2018.

[3] J. Shweppe and D. Rom, “Power system static state estimation:
part i, ii, and iii,” in Power Industry Computer Conference, 1969.

[4] A. Arefi, State estimation in smart power grids. Springer, 2011, ch.
Smart Power Grids 2011.

[5] R. D. Christie, B. F. Wollenberg, and I. Wangensteen, “Transmis-
sion management in the deregulated environment,” Proceedings of
the IEEE, vol. 88, no. 2, pp. 170-195, 2000.

[6] A.Gomez-Exposito, A. Abur, A. de la Villa Jaen, and C. Gomez-
Quiles, “A multilevel state estimation paradigm for smart grids,”
Proceedings of the IEEE, vol. 99, no. 6, pp. 952-976, 2011.

[7] L. Sankar, S. Kar, R. Tandon, and H. V. Poor, “Competitive pri-
vacy in the smart grid: An information-theoretic approach,” in
2011 IEEE International Conference on Smart Grid Communications
(SmartGridComm). 1EEE, 2011, pp. 220-225.

[8] R.Deng, G. Xiao, R. Lu, H. Liang, and A. V. Vasilakos, “False data
injection on state estimation in power systems—attacks, impacts,
and defense: A survey,” IEEE Transactions on Industrial Informatics,
vol. 13, no. 2, pp. 411423, 2016.

[9] G.Hug and ]. A. Giampapa, “Vulnerability assessment of ac state
estimation with respect to false data injection cyber-attacks,” IEEE
Transactions on Smart Grid, vol. 3, no. 3, pp. 1362-1370, 2012.

[10] L. Sankar, “Competitive privacy: Distributed computation with
privacy guarantees,” in 2013 IEEE Global Conference on Signal and
Information Processing. 1EEE, 2013, pp. 325-328.

[11] V.Kekatos and G. B. Giannakis, “Distributed robust power system
state estimation,” IEEE Transactions on Power Systems, vol. 28, no. 2,
pp. 1617-1626, 2012.

[12] G. N. Korres, “A distributed multiarea state estimation,” IEEE
Transactions on Power Systems, vol. 26, no. 1, pp. 73-84, 2010.

[13] M. Asghar, G. Dédn, D. Miorandi, and I. Chlamtac, “Smart meter
data privacy: A survey,” IEEE Communications Surveys and Tutori-
als, vol. 19, no. 4, pp. 2820-2835, 2017, cited By 3.

[14] C. Zhao, S. Zhao, M. Zhao, Z. Chen, C.-Z. Gao, H. Li, and Y.-
A. Tan, “Secure multi-party computation: Theory, practice and
applications,” Information Sciences, vol. 476, pp. 357-372, 2019.

[15] P. Mukherjee and D. Wichs, “Two round multiparty computation
via multi-key FHE,” in Annual International Conference on the Theory
and Applications of Cryptographic Techniques.  Springer, 2016, pp.
735-763.

[16] H. Sandberg, G. Déan, and R. Thobaben, “Differentially private
state estimation in distribution networks with smart meters,” in
2015 54th IEEE conference on decision and control (CDC). IEEE,
2015, pp. 4492—-4498.

[17] Y. Kim, E. C.-H. Ngai, and M. B. Srivastava, “Cooperative state
estimation for preserving privacy of user behaviors in smart grid,”
in 2011 IEEE international conference on smart grid communications
(SmartGridComm). 1EEE, 2011, pp. 178-183.

[18] S. Tonyali, O. Cakmak, K. Akkaya, M. M. Mahmoud, and
I. Guvenc, “Secure data obfuscation scheme to enable privacy-
preserving state estimation in smart grid ami networks,” IEEE
Internet of Things Journal, vol. 3, no. 5, pp. 709-719, 2015.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Dependable and Secure Computing. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TDSC.2022.3210017

IEEE TRANSACTIONS ON DEPENDABLE AND SECURE COMPUTING , VOL. , NO. , AUGUST 2021 17

[19]

N. Kashyap, S. Werner, Y.-F. Huang, and R. Arablouei, “Privacy
preserving decentralized power system state estimation with pha-
sor measurement units,” in 2016 IEEE Sensor Array and Multichan-
nel Signal Processing Workshop (SAM). 1EEE, 2016, pp. 1-5.

[40]

[41]

R. Canetti, “Security and composition of multiparty cryptographic
protocols,” Journal of Cryptology, vol. 13, no. 1, pp. 143-202, 2000.

T. K. Nayak, B. Sinha, and L. Zayatz, “Statistical properties of mul-
tiplicative noise masking for confidentiality protection,” Journal of

[20] N. Kashyap, S. Werner, and Y.-F. Huang, “Decentralized pmu- Official Statistics, vol. 27, no. 3, p. 527, 2011.
assisted power system state estimation with reduced interarea [42] “leee 14-bus-system,” https://icseg.iti.illinois.edu/ieee-14-bus-
communication,” IEEE Journal of Selected Topics in Signal Processing, system/, Tech. Rep., Accessed on 21 June 2021.
vol. 12, no. 4, pp. 607-616, 2018. [43] “leee 118-bus-system,” https:/ /icseg.iti.illinois.edu/ieee-118-bus-

[21] J. Wang, D. Shi, J. Chen, and C.-C. Liu, “Privacy-preserving hier- system/, Tech. Rep., Accessed on 21 December 2021.
archical state estimation in untrustworthy cloud environments,” [44] “leee 300-bus-system,” https://icseg.iti.illinois.edu/ieee-300-bus-
IEEE Transactions on Smart Grid, 2020. system/, Tech. Rep., Accessed on 21 December 2021.

[22] S. Kamara, P. Mohassel, and M. Raykova, “Outsourcing multi- [45] “Pandapower,” http://www.pandapower.org/, Tech. Rep., Ac-
party computation,” Cryptology ePrint Archive, 2011. cessed on 21 June 2021.

[23] P. Mohassel and Y. Zhang, “SecureML: A System for Scalable [46] X.Jiang, K. Lauter, M. Kim, and Y. Song, “Secure outsourced ma-
Privacy-Preserving Machine Learning,” in 2017 IEEE SYMPO- trix computation and application to neural networ‘ks,_” Proceedmgs
SIUM ON SECURITY AND PRIVACY (SP), ser. IEEE Symposium of the ACM Conference on Computer and Communications Security,
on Security and Privacy, vol. 2017, no. 4. Sciendo, 2017, pp. 19-38, pp- 1209-1222, 2018.
38th IEEE Symposium on Security and Privacy (SP), San Jose, CA, [47] E. Dekel, D. Nassimi, and S. Sahni, “Parallel matrix and graph
MAY 22-26, 2017. algorithms,” SIAM Journal on computing, vol. 10, no. 4, pp. 657-

[24] V. Nikolaenko, U. Weinsberg, S. Ioannidis, M. Joye, D. Boneh, and 675, 1981.

N. Taft, “Privacy-Preserving Ridge Regression on Hundreds of
Millions of Records,” in 2013 IEEE SYMPOSIUM ON SECURITY
AND PRIVACY (SP), ser. IEEE Symposium on Security and Pri-
vacy, 2013, pp. 334-348, 34th IEEE Symposium on Security and
Privacy (SP), San Francisco, CA, MAY 19-22, 2013. Hong-Yen Tran is currently a PhD student at the

[25] L Glaco.melh., S. Jha, M. _]oye, C D. Page, and K. Yoon, ”Prl_vacy- Schc?ol of Engineering andy IT, University of New
preserving ridge regression with only linearly-homomorphic en- South Wales. Ganberra. Australia. Her research
cryption in Internatonsl Confrnce o Applied Craptegraphy and interests are in the field of information security,

[26] A. Akavia, H. Shaul, M. Weiss, and Z. Yakhini, “Linear-regression fg;z%%y ?ﬁs(:i/rgé?gpg;sti:;nsael)éﬂﬁil appled oryp
on packed encrypted data in the two-server model,” in Proceed- ’
ings of the 7th ACM Workshop on Encrypted Computing & Applied "

Homomorphic Cryptography, 2019, pp. 21-32.

[27] ]J. H. Cheon, A. Kim, M. Kim, and Y. Song, “Homomorphic En-
cryption for Arithmetic of Approximate Numbers,” in ADVANCES
IN CRYPTOLOGY - ASIACRYPT 2017, PT I, ser. Lecture Notes
in Computer Science, Takagi, T and Peyrin, T, Ed., vol. 10624,
no. I, 2017, pp. 409437, 23rd International Conference on the
Theory and Applications of Cryptology and Information Securit . . .
(ASIA}éRYPT)l,gIIzIong Kong, PEOPLES R CHINA, DEC 03.07, 2017. g?r?olf)lll n Hu s e‘;“gf”gﬁ daITP[j’rf]?\f:git nghthx

[28] A. Monticelli, State estimation in electric power systems: a generalized South Walesg Canbegrra Australia Hey is also
approach. Springer Science & Business Media, 2012. . ’ ) ’ ,

[29] C. Dwork and A. Roth, “The algorithmic foundations of differen- anl nvited e:xpert of Australia Attorney—GengraI S
tial privacy,” Foundations and Trends in Theoretical Computer Science, Office, assisting the draft of Australia National

; ’ Identity Management Policy. He has received
vol. 9, no. 3-4, pp. 211487, 2013. ’ . ;

[30] T. Zhu, G. Li, W. Zhou, and S. Y. Philip, Differential privacy and nine Australian Research Council (ARC) Grants

i e oty P/ prioacy and has served at the Panel on Mathemat-
Apprications. - Opringer, S/, . , ics, Information, and Computing Sciences, Aus-

[31] “Local privacy and statistical minimax rates,” Proceedings - Annual tralian Research Council ERA (The Excellence

ﬁgEz%yl/gzposzum on Foundations of Computer Science, FOCS, pp. 429— . . in Researc_h for Aystralia) Evaluation_Committ_ee
[ttt . Y . 2012. His research interests are in the field of cyber security covering

[32] P. Kairouz, S. Oh, and P Viswanath, “Extremal mechanisms for  jngjon detection, sensor key management, and biometrics authen-
local differential privacy,” Advances in neural information processing  tication. He has many publications in top venues, including the IEEE
systems, vol. 27, 2014. e TRANSAGCTIONS ON PATTERN ANALYSIS AND MACHINE INTELLI-

[33] A comprghenswe survey on local dlfferentlal privacy toward GENCE, the IEEE TRANSACTION COMPUTERS, the IEEE TRANS-
data statistics and analysis,” Sensors (Switzerland), vol. 20, no. 24, ACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, the IEEE
pp- 148, 2020. TRANSACTIONS ON INFORMATION FORENSICS AND SECURITY,

[34] U. Erlingsson, V. Pihur, and A. Korolova, “Rappor: Randomized  Pattern Recognition, and the IEEE TRANSACTIONS ON INDUSTRIAL
aggregatable privacy-preserving ordinal response,” in Proceedings  INFORMATICS. He is a senior area editor of the IEEE TRANSACTIONS
of the 2014 ACM SIGSAC conference on computer and communications ~ ON INFORMATION FORENSICS AND SECURITY.
security, 2014, pp. 1054-1067.

[35] B. Avent, A. Korolova, S. California, D. Zeber, T. Hovden,

B. Livshits, I. C. London, and B. Avent, “BLENDER : Enabling
Local Search with a Hybrid Differential Privacy Model This paper
is included in the Proceedings of the BLENDER : Enabling Local Hemanshu R. Pota received B.E. from Sar-
Search with a Hybrld Differential Privacy Model," 2017. dar Vallabhbhai Regional College of Engineer.

[36] “Guaranteeing local differential privacy on ultra-low-power sys- ing and Technology, Surat, India, in 1979, M.E.
tems,” Proceedings - International Symposium on Computer Architec- from the Indian Institute of Science, Bangalore,
ture, pp. 561-574, 2018. India, in 1981, and the Ph.D. from the University

[37] “Privacy preserving classification on local differential privacy of Newcastle, NSW, Australia, in 1985; all in
in data centers,” Journal of Parallel and Distributed Computing, Electrical Engineering. He is currently an asso-
vol. 135, pp. 70-82, 2020. [Online]. Available: https://doi.org/10. \ ciate professor at the University of New South
1016/j.jpdc.2019.09.009 ‘ Wales, Canberra, Australia. He has held visiting

[38] Y. Lindell, “How to simulate it-a tutorial on the simulation proof appointments at the Columbia University, New
technique,” Tutorials on the Foundations of Cryptography, pp. 277- York City, NY; University of California, Los An-
346, 2017. geles; the University of Delaware; lowa State University; Kansas State

[39] O. Goldreich, Foundations of cryptography: volume 2, basic applica-  University; Old Dominion University; the University of California, San

tions. Cambridge university press, 2009.

Diego; and Centre for Al and Robotics, Bangalore.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://doi.org/10.1016/j.jpdc.2019.09.009
https://doi.org/10.1016/j.jpdc.2019.09.009

	Introduction
	Related works
	Preliminaries
	Notations and definitions
	State estimation
	DC state estimation
	AC state estimation

	Differential privacy
	Homomorphic Encryption

	System Model and Threat Model
	System Model
	Threat Model

	Proposed Privacy-Preserving State Estimation Scheme in Transmission Power Grids
	Non-privacy-preserving version of multiparty state estimation
	Privacy-preserving state estimation schemes in transmission power grids
	Privacy-preserving DC state estimation
	Privacy-preserving AC state estimation


	Analysis of the Proposed Schemes
	Correctness
	Privacy-preserving DC state estimation
	Privacy-preserving AC state estimation

	Privacy
	Privacy protection against an adversary A1
	Privacy protection against an adversary A2

	Communication and computation analysis
	Computation cost
	Communication cost


	Empirical Evaluation
	Conclusion
	References
	Biographies
	Hong-Yen Tran
	Jiankun Hu
	Hemanshu R. Pota




