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Centralized Versus Distributed State Estimation for
Hybrid AC/DC Grid

Viktor Briggner, Pontus Grahn and Linus Johansson

Abstract—State estimation enables for values throughout a
power transmission grid to be known with a higher level of
certainty. New technologies for bulk power transmission and
power grid measuring enables for new possibilities in the energy
sector and it is required that state estimation algorithms are
developed to adapt to these new technologies. This project aims
to develop a state estimator (SE) that is modified for hybrid
AC/HVDC grids with voltage source converters (VSC) and phasor
measurement units (PMU). Two different sets of architectures
are tested. The centralized architecture where one common SE
is implemented for both AC and DC grids or the distributed
where a separate SE for every grid is used. The method used for
the SE is the weighted least square (WLS) method. The SE will
be developed based on the power grid model ’The CIGRE B4
DC Grid Test System’, designed by the International Council on
Large Electric Systems (CIGRE) as a benchmark system. The
SE is subject to four different scenarios in order to evaluate the
quality of the SE, benefits of added phasor measurements and
choice of architecture for the SE. The results of the tests show that
the developed SE improves the accuracy of state values on the DC
grid. However, regarding the AC state values of the converters the
results of the test are ambiguous. Furthermore the distributed
architecture offered slightly less accurate AC values than the
centralized. The addition of PMU measurements improved the
error of the estimated values.

I. INTRODUCTION

IN a world that is growing increasingly more dependent
on electricity for day-to-day applications [1] the value

of a reliant and efficient electric power supply is becom-
ing more apparent. As nations are investing in sustainable
energy sources such as wind and solar power to eventually
replace large fossil-based power facilities, the electrical power
production is becoming decentralized [2] which the current
infrastructure is not designed for. To meet the challenge of
adapting the existing power transmission grids to these new
conditions certain measures need to be taken. Such a measure
might be the introduction of new ways of transmitting bulk
power over long distances.

A. High voltage direct current

The conventional method of electrical power transmission
by using high voltage AC technology might prove problematic
for some applications such as transmission over long distances.
In these cases high voltage direct current (HVDC) is more
technologically useful and economically effective due to as-
pects such as lesser land usage and lower transmission losses
[3]. The advances in technologies related to HVDC enables
for meshed multi-terminal HVDC grids, which allows power
to be transmitted through the grid without limitations on the

direction of flow. These types of HVDC grids might further
promote the integration of renewable energy sources [4] as
they are more flexible and versatile than the HVDC links
that only connects one point with another. The conventional
methods of converting AC to DC such as line commutated
converters (LCC) has only allowed power to pass in one
given direction. To change the direction of the current in these
systems mechanical operations on the converters is required,
making this type of scheme inconvenient to use in a multi-
terminal HVDC grid with more than 3 terminals [4]. Instead,
voltage source converters (VSC) are more controllable than
the convetional technology and it allows for current, and thus
power, to flow in both directions. Unlike LCCs, VSCs does
not require a connection to a strong grid in order to function.
This means that VSCs are suitable for HVDC grids connecting
off-shore wind power parks and other AC grids that cannot be
defined as strong grids.

B. State estimation

In order to properly control a power system, certain values at
all buses need to be known. A state estimator (SE) provides
crucial information for the control applications of an elec-
trical power transmission system. Regardless of transmission
scheme, be it AC or DC, all power systems require monitoring
and certain values throughout the system need to be known in
order to effectively control the system and optimize power
flow. These values, known as states, might be impractical
to measure all at once in a large system and furthermore
leaves the control system dependent on the reliability of single
measuring units. Additionally, all measuring devices and their
corresponding measurements are associated with some degree
of uncertainty. To handle these problems a redundancy of
measurements is obtained and the errors are taken into account
in order to minimize the measuring error. The redundancy is
obtained from measuring a variety of other variables, such as
power and current flow to name a few, that allows for the
calculations of the desired states [5].

C. Phasor measurement units

Phasor measurement units (PMU) are devices with the
ability of providing synchronized measurements of the phasors
of voltage and current. PMU:s provides these measurements
at a rate [6] and accuracy [7] exceeding the conventional
measurement devices by far. PMUs have been used to com-
plement conventional measurements but in relatively low scale
considering the advantages [8], this is most likely because of
the high cost of the devices.
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D. Bad data detection

Even a well designed SE will be inaccurate if a few
measurements are associated with relatively large errors. One
effective yet simple way to cope with this problem is to imple-
ment some sort of bad data detection (BDD) that can identify
and remove redundant and overly inaccurate measurements.

E. State estimation architectures

Since meshed VSC HVDC grids is a fairly new concept, the
question of how these systems should be controlled and mon-
itored is still up for scientific debate. A variety of different SE
architectures have been investigated for a hybrid AC/HVDC
grid. There is the centralized architecture where one SE is
developed for the entire AC/HVDC grid such as that seen in
[9]. This approach might prove difficult to implement since
it demands for an entirely new SE software to be developed
when a HVDC grid is connected to an already existing AC
grid. Furthermore it also calls for the grid to be handled
by the same transmission system operator (TSO), which will
be inconvenient if the HVDC grid connects two countries.
Another approach is to use interconnected SEs for the different
grids within the AC/HVDC grid as in [10]. This means that
there are separate SEs for the AC grids and for the HVDC
grids but there are boundary values at the point of common
coupling (PCC) between the grids. The SEs are executed
simultaneously and since the SE calculations are iterative the
calculated values at the PCC by one SE is used by the other
SE in its next iteration and vice versa. The fact that the
SEs are executed simultaneously might prove this approach
impractical, as DC grids are more dynamic than AC grids
[11] which require faster control functions and thus demanding
estimated values more frequently. Considering these problems
distributed SEs for AC and DC grids seem like a convenient
and realistic method. This approach keep the SEs separate
without the necessity to have boundary values between them.
Instead, estimated values, such as power flow from DC to AC,
from the DC SE can be communicated to the AC SE when it
needs to run. The estimated values from the DC SE are more
reliable than the measured values on the AC side which will
benefit the AC grid SE provided that the DC SE have updated
recently. However, with this architecture the calculated values
at the PCC might prove to be less accurate than with the
interconnected method and the centralized method.

F. Aim

In this thesis the efficiency of the distributed SE is inves-
tigated and compared to the centralized SE. The comparison
is based on the accuracy of the estimations. To achieve an
estimate for the states, the weighted least square (WLS)
method is used as it is the predominantly used method in
reviewed papers and literature [9], [12], [5]. As this thesis
does not seek to develop an algorithm for a SE but to compare
different architectures no comparison between SE methods
are done. It is also investigated what impact PMU-based
measurements have on the SE and how different amounts of
redundant measurements affect the centralized SE architecture.

The grid model that the simulations is based on is The CIGRE
B4 DC Grid Test System [13]. The intention of this model is
that several studies should be made upon it which allows for
a fair comparison between different studies and approaches.
Little research on SE for this model is available since the
model is fairly new but future studies will be able to use the
results of this thesis. Similar studies has been made on the
subject of SE for HVDC grids such as [8] and [9], but the
certain approach of this thesis for the CIGRE model has not
been done before.

II. THEORY

A. State estimation principles

The state estimation algorithm operates upon a set of
redundant measurements with their corresponding errors taken
into account. These measurements are not limited to consist
of the states of the system but can also include other values
which can be expressed as functions of the states. For the
measurements to be redundant the number of measurements
need to be greater than the number of states and the number of
measurements are usually 2-3 times greater than the number
of states [5]. The values defined as states are the bus voltage
magnitudes and corresponding phase angles for AC systems
and the bus voltage magnitudes for DC systems. From these
states all other measurable values can be calculated.

For the statistical analysis of the SE to work properly a
number of assumptions has to be made. First and foremost it
is assumed that the system is operating under balanced condi-
tions in steady state [12]. Additionally it is assumed that the
errors of the measuring devices are of Gaussian distribution,
meaning that they have a normal probability distribution [5].
It is also assumed that the errors are independent of each other
[5], meaning that the error of one measurement does not affect
the errors in the other measurements. Furthermore the exact
topology of the system and all the operating parameters need
to be known in order for the estimation to use measurements
other than the state values.

B. Weighted least square method

The WLS method is based on a nonlinear optimization
problem which seeks to minimize the squared error of the
measurements with the error distribution of the individual
measuring devices taken into account.

With the assumptions stated in section II-A, we can describe
the measurements as

z = zt + e (1)

where z is a m× 1 vector consisting of the measured values,
zt is the true values and e is the errors of the measurement.
We define x to be a n×1 vector that consist of all the desired
states of the system and thus write

z = h(x) + e (2)

where h(x) is the measurement function vector containing
linear and nonlinear equations relating the states of the system
to the measured values.
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The WLS method aims to minimize the sum of the square
of the error divided by the variance of the corresponding
measuring device, i.e minimizing (3).

J =

m∑
i=1

(zi − hi(x))2

σ2
i

= [z− h(x)]T ·W · [z− h(x)] (3)

where σ2
i is the variance of the device, m the number of

measurements and W = R−1. The m×m matrix R is defined
as

R =


σ2
1 0 · · · 0

0 σ2
2 · · · 0

...
...

. . .
...

0 0 · · · σ2
m


In order to minimize (3) we have the following condition

that must hold.

g(x) =
∂J

∂x
= −HT (x) ·W · (z− h(x)) = 0 (4)

where

H(x) =


∂h1

∂x1

∂h1

∂x2
· · · ∂h1

∂xn

∂h2

∂x1

∂h2

∂x2
· · · ∂h2

∂xn

...
...

...
...

∂hm

∂x1

∂hm

∂x2
· · · ∂hm

∂xn


Taylor expansion of (4) yields

g(x) = g(xk) + G(xk) · (x− xk) +H.O.T = 0 (5)

where G(xk) = HT (xk) ·W ·H(xk). Ignoring the H.O.T and
using the iterative Gauss-Newton method gives the following
expression

xk+1 = xk + G−1(xk) · g(xk)

= xk + [HT (xk) ·W ·H(xk)]−1

· [−HT (xk) ·W · (z− h(xk))] (6)

where k indicates the number of iterations. The initial guess
is generally a flat start meaning the states are assumed to
be of nominal magnitudes for voltages and angles to zero.
To achieve an as good as possible value of x the iterations
continue until ∆xT ∆x ≤ ε is true, where ε is the desired
accuracy

C. Bad data detection

Large errors are easily detected examining the residual
vector r. This vector is defined as the difference between mea-
surements and the quantities achieved from the corresponding
equations using the states x obtained from the WLS method

r = z− h(x) (7)

Since the measurements are associated with a certain
standard deviation σi is it necessary to consider this when
evaluating measurements. Therefore a normalized residual rN

is utilized. Every element in rN larger than threshold λ
determines the corresponding measurement to be unreasonably
inaccurate

rNi =
|ri|
σi

< λ (8)

The measurements that are both faulty and redundant are
eliminated and the WLS method is used again but without
these measurements. Note that this method is only effec-
tive when redundant measurements are inaccurate as non-
redundant measurements cannot be removed without compro-
mising the calculations.

III. STATE ESTIMATION FOR HVDC/AC GRID

For a state estimator that operates on both DC and AC
systems the state vector x can be described as

x =

UAC

θ
VDC


where UAC, θ, VDC are vectors containing the states of all
the buses.

The possible measurements to do on the DC buses and
lines are voltage magnitude, current bus injection, current flow,
power bus injection and power flow. The generalized equations
relating the measurements to the DC states are:

Iflow,ij = (Vi − Vj) · gij (9)
Pflow,ij = Vi · (Vi − Vj) · gij (10)

Iinj,i =

nb∑
j=1

(Vi − Vj) · gij (11)

Pinj,i = Vi

nb∑
j=1

(Vi − Vj) · gij (12)

where Iflow,ij and Pflow,ij denotes the current and power flow
between two buses respectively. Similarly Iinj,i and Pinj,i

denotes the current and power injection to the bus and gij
denotes the conductance of the power lines. Thus has the
DC measurement function vector for a general DC grid the
following layout:

hDC(x) =


V

Iflow

Pflow

Iinj

Pinj


For the AC side the possible measurements are the same

as for DC. However, the generalized equations for a complete
AC grid is not of relevance for this thesis as the AC grid
is simplified to consist only of the AC side of the AC/DC
converters. The limits of the AC side are placed at the bus
immediately after the converter on the AC side. Moreover,
it is to be tested how the addition of PMUs affect the
quality of the SE for AC values. It is assumed that PMUs
are located and utilized at every AC bus. The measurements
retrieved from these PMUs are voltage and current magnitudes
and angles compared to the corresponding slack bus. The
measurements from the PMUs have a higher accuracy and
accordingly have a larger impact on the estimation than the
conventional measurement. Not only do PMUs offer more
accurate measurements but also greater redundancy is achieved
since the voltage angles are available as measurements as well.
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Fig. 1. Model of the AC-DC converter station (ideal transformer)
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Fig. 2. Principal diagram over bipole converter coupling

A. Converter models

VSC HVDC AC/DC converters can be modeled as a voltage
source on the AC side and a current source on the DC side
[13], [11], [9]. The AC/DC converters are modeled according
to the converter pole model used in [13] with slight mod-
ifications. In this paper the conductance and capacitance in
parallel with the current source of the converter poles in [13]
are neglected. This is done as the conductances are small and
are not relevant for this study, furthermore the capacitances
are of no use in the case of state estimation since the general
assumption of SE is that the system is in balanced steady
state. The modified model for a converter pole can be viewed
in Fig. 1 and how bipole converters are connected can be
viewed in Fig. 2. The AC/DC model results in the following
set of equations to be used for the SE:

Pc,i = U2
c,i · gac,i − Uc,i · Up,i(gac,i · cos(Θcp,i)

+ bac,i · sin(Θcp,i)) (13)

Qc,i = U2
c,i · bac,i − Uc,i · Up,i(gac,i · sin(Θcp,i)

− bac,i · cos(Θcp,i)) (14)

Pp,i = −U2
p,i · gac,i + Up,i · Uc,i(gac,i · cos(Θpc,i)

+ bac,i · sin(Θpc,i)) (15)

Qp,i = U2
p,i · bac,i − Up,i · Uc,i(bac,i · cos(Θpc,i)

− gac,i · sin(Θpc,i)) (16)
Iim,i = Uc,i(gac,i · sin(Θc,i) + bac,i · cos(Θc,i))

− Up,i(gac,i · sin(Θp,i) + bac,i · cos(Θp,i)) (17)
Ire,i = Uc,i(gac,i · cos(Θc,i)− bac,i · sin(Θc,i))

− Up,i(gac,i · cos(Θp,i)− bac,i · sin(Θp,i)) (18)
0 = PDC,i + PAC,i (19)

where bac,i and gac,i are the susceptances and conduc-
tances in the AC/DC converter model viewed in Fig 1. (17)
and (18) are related to the PMU measurements which gives
phasor values of the current and equation (19) is a pseudo-
measurement in order to couple the AC side with the DC side

+
−

R/2

R/2

Vm Vc

Fig. 3. Model of the DC-DC converter station

of the converter. Note that these equations describe one pole
of the AC/DC converter.

This gives the following measurement function vector for
the AC values:

hAC(x) =


U
θ

Iim

Ire

PAC

QAC

 (20)

where the entries θ, Iim and Ire are only to be used if PMUs
are used as measuring devices

The model for the DC/DC converter is also based on the
model used in [13]. The justification for the modifications done
on the DC/DC converter model follow the same arguments as
those for the AC/DC converters. The conductance is neglected
due to the small size, the inductances and capacitance is
neglected because only the steady states are relevant. The
modified DC/DC converter model can be viewed in Fig. 3.
This model result in the following equations for the SE:

Im,i = gconv · (
Vm
l2
− Vc

l
) (21)

Pm,i = Vm · gconv · (
Vm
l2
− Vc

l
) (22)

Ic,i = gconv · (
Vm
l
− Vc) (23)

Pc,i = Vc · gconv(
Vm
l
− Vc) (24)

where gconv is the conductance related to the resistance R in
Fig. 3 and l is the nominal conversion ratio between the Vc-
side and the Vm-side. These equations are to be added in the
DC measurement function vector where a DC/DC converter
exist between two buses and should replace the generalized
flow equations for these buses.

B. Operating parameters

As given by [13], the operating parameters for the DCS3
grid can be viewed in tables I, II and III. Table I gives
the values of the resistances and inductances in the AC/DC
converters and also the nominal AC voltage magnitudes of
each converter. The DC/DC converter values can be found in
table II and the line resistances between the buses can be seen
in table III. As seen in Fig. 5 there are two cables connected
between bus A1 and B1 and between B4 and B2, in table III
this is taken into account for the total values of R and g.
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TABLE I
GENERAL AC-DC CONVERTER DATA

Converter L[mH] R [Ω] Nominal AC voltage [kV]
Cb-A1 33 0,403 380
Cb-B1 33 0,403 380
Cb-B2 33 0,403 380
Cb-C2 98 1,210 145
Cb-D1 49 0,605 145

TABLE II
GENERAL DC-DC CONVERTER DATA

Physical quant. Cd-B1
R [Ω] 3,84

TABLE III
LINE CONDUCTANCE ON DC SIDE

Branch R/km [Ω/km] km R [Ω] g [S]
A1-B1 0,0057 400 2,28 0,4386
A1-B4 0,0114 500 5,7 0,1754
B4-B1 0,0114 200 2,28 0,4386
B4-B2 0,0057 300 1,71 0,5848
A1-C2 0,0095 200 1,9 0,5263
C2-D1 0,0095 300 2,28 0,3509
D1-E1 0,0095 200 1,9 0,5263
E1-B1s 0,0095 200 1,9 0,5263

TABLE IV
BASE VALUES FOR PU CALCULATIONS

Base type Base value
AC voltage Nominal (380 kV/145 kV)
Power 500 MW
DC voltage 400 kV

The only DC/DC converter used in DCS3 is the converter
Cb-B1 which operates with ±400 kV on each side. All the
AC/DC converters in DCS3 are bipolar and also operates on
±400 kV as nominal DC voltage.

C. Implementation of the algorithm

For the implementation of the algorithm MATLAB is used.
MATLAB is found suitable since it is a fairly easy and intuitive
program yet has the computing capacity and tools required for
handling the algorithm that is to be developed in this thesis.
Similar work has also been implemented in MATLAB such as
[9]. A flowchart of how the algorithm is constructed is shown
in Fig. 4. The first phase collects data, such as the variance
matrix, W, and measurement vector, z. In the second phase
the initial value for the state estimation is defined. The last
phase handle the iteration which is calculating the current
error and provides us with the new states. To calculate the
new states the vector, h, which calculates the measurements
with regard to the current states is needed. The matrix, H,
that contains the partial derivatives of h is also needed for the
calculations. It should be noted that none of the calculations
is using any of the solvers that MATLAB has at hand. They

initialization
of xk

calculation
of h(xk)

and H(xk)
xk=xk+1

calculation
of xk+1

according
Gauss-
Newton
method,

see eq. (6)

||∆x||2 < ε?
rN< λ
for all

elements?

remove faulty
measurement

Estimated
states

xk+1=xfinal

no

yes

yes

no

Fig. 4. Flowchart algorithm

are all calculated analytically. The iteration ends when the
sum of the last quadratic change is less than the desired
threshold ε. When the threshold requirement is fulfilled, the
measurements are calculated with the new states and checked
for bad data. For a more manageable code the measurements
are calculated in per unit (pu). This means that specific bases
are defined based on the nominal values for each quantity and
all parameters are divided by these base values. This method
is used in order to make the state values close to one and to
make values at different voltage levels comparable. The bases
that are used is listed in table IV.

IV. SIMULATION AND RESULTS

All graphs in the upcoming results displays the absolute
difference between the estimated state value and the exact
calculated value of that state, which becomes the absolute error
of each estimated states. In the graphs every state has been
given a number, the AC voltages has been given a number
from 1 to 10, the AC angles has been given a number from 1
to 5 and the DC voltages 1 to 8. Which specific number each
bus corresponds to is shown in table V. When the graphs are
insufficient table VI, which contain the mean absolute error,
could be used to strengthen some results.

A. Grid model

The model for the power grid used is part of The CIGRE B4
DC Grid Test System developed by CIGRE as a benchmark
system and can be found in [13]. The sub-grid DCS3 is
used since it is the largest of the DC grids but also contain
several relevant components for SE applications. DCS3 can



K2. STATE ESTIMATION FOR HYBRID AC/DC GRID

A1 C2

D1

E1B4

B2

B1

Vc Vm

B1s

Cb-A1 Cb-C2

Cb-D1

Cb-B1

Cb-B2

Cd-B1

Overhead line

Cable

Fig. 5. Diagram for the CIGRE DCS3 subgrid including PCC

TABLE V
IDENTIFICATION NUMBERING OF STATES

Number States
1 Uc,Cb−A1 θc,Cb−A1 VA1

2 Up,Cb−A1 θc,Cb−C2 VC2

3 Uc,Cb−C2 θc,Cb−D1 VD1

4 Up,Cb−C2 θc,Cb−B1 VB4

5 Uc,Cb−D1 θc,Cb−B2 VB1

6 Up,Cb−D1 - VB1s

7 Uc,Cb−B1 - VE1

8 Up,Cb−B1 - VB2

9 Uc,Cb−B2 - -
10 Up,Cb−B2 - -

be viewed in Fig. 5, the filled lines represent overhead lines
and the dashed lines represent cables. As the AC grid is
simplified to consist only of the AC parts of the AC/DC
converters the point p in Fig. 1 at each converter is chosen
as AC slack buses. The corresponding angles are regarded
as reference angles since only the angle difference between
these buses are of importance. The values of the true DC bus
voltages are gathered from an existing test system simulated
in Opal-RT which is similar to the CIGRE model. However,
the test system differs somewhat from the true CIGRE model
and consequently only the DC bus voltages are used since
these values can be chosen arbitrarily within some limitations.
From this, the other DC measurements are mathematically
derived and all measurements are equipped with a randomized
error within the given standard deviation. The same procedure
is used for the AC side, the voltage Up for each AC/DC
converter is considered to be of nominal magnitude and with
this and the power injection from the DC side all other values

are calculated and thereafter error is added.

B. Scenarios

In order to test the developed SE it needs to be subject to
a variety of different scenarios as to see how it behaves when
conditions are less than ideal.

1) Bad data detection: This scenario start with a test to
show how the weight can be used to affect the estimated
states by increasing the standard deviation on untrustworthy
measurements, which is called weight correction. To illustrate
this large errors has been added to three measurements. Then
states has been estimated with and without weight correction.

After this test a bad data detection scenario is made. When
bad data detection is implemented the normalized residual is
calculated after an estimation to see which measurements have
large errors. The measurements that have a normalized residual
above the threshold λ are then removed. This scenario contains
two parts, 1a which represents without bad data detection and
1b which represents with bad data detection.

2) Limitation of redundancy: When BDD is implemented
and a faulty measurement that exceeds the allowed limit of
the residual is detected the measurement is excluded from
the calculations of the SE. Therefore investigating how the
SE is affected when a certain amount of redundant values
are excluded is of interest. The magnitude of the errors and
the calculation time are the parameters that are examined in
order to evaluate how this affects the SE. Three different levels
of redundancy is investigated for this scenario. The lowest
redundancy test, scenario 2a, is run with 30 measurements. As
the system have in total 23 states this amount of measurements
assure some level of redundancy. The selected measurements
for scenario 2a consist of:

• The voltage magnitude Up in the AC/DC converters
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Fig. 6. Centralized structure. Only one section which implies that the AC SE
and DC SE are coupled with pseudo equations.

Fig. 7. Illustration of distributed structure in scenario 2. Separated sections
which implies that AC and DC SE are decoupled. Blue area represents AC
and green area DC.

• The active power flow Pc from bus c in all the converters
• The reactive power flow Qc from bus c and to bus p in

all the converters
• Voltages at four DC buses
• Power flows on six DC lines

The midway redundancy test, scenario 2b, have 51 measure-
ments which is approximately twice the state amount. In
this test the measurements consist of all above measurements
together with:

• Active power flows Pp to bus p in all the converters
• The voltage V at all the DC buses
• The power flows Pflow,ij out from all the DC buses

In the third redundancy test, scenario 2c, there are 64 mea-
surements which is about three times the number of states.
These measurements consist of the ones above together with:

• The voltage Uc at every c bus in the converters
• The current injection Iinj at every DC bus

All the measurements at this redundancy test have an added
randomized error based on the standard deviation of said error.

3) Distributed AC and DC SEs: When formulating a SE,
different structures should be considered. In scenario 1, 2 and
4 the centralized architecture is tested which is illustrated in
Fig. 6. This scenario test the distributed architecture, which
is shown in Fig. 7, where the AC side and DC side are
decoupled. In effect, this means that the SE is operating on
two completely separate systems. Instead of coupling the two
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Fig. 8. Absolute error of each state in logarithmic scale. Blue line shows
estimated state error with weight correction and the red line shows without
weight correction. AC voltages (upper), angles (middle), DC voltages (lower).

systems through the pseudo-equations, which are treated as
measurements, the power injection to the DC bus calculated
from the DC states can be communicated as a measurement
to the AC side, as the power injection at a DC bus with a
AC/DC converter is defined as the negative value of the AC
power flow from bus c. To examine this, scenario 3 consist
of three parts. For the first part, scenario 3a, the AC states
are calculated without any data being communicated from
the DC SE. In the second part, scenario 3b, power injection
values calculated from DC states are added to the AC state
calculations. This measurement is thus obtained after the DC
SE calculation and could be used as a measurement in the AC
SE. Accordingly, the AC states are calculated as if a separate
SE is utilized for every converter. For the third part, scenario
3c, the centralized SE is used as a comparison to the two
earlier tests. The errors of the AC state values from all parts
of the scenario is compared to determine if and how much
an AC SE benefits from obtaining the DC measurements. A
randomized error that is calculated dependent on the standard
deviation is added on all the measurements to make a more
realistic scenario.

4) With and without PMU: This scenario consists of two
different sets of measurements. The set in scenario 4a only
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consist of conventional measurement and the set in scenario 4b
consist of both PMU measurements and conventional measure-
ments. By comparing these two setups of measurements we are
able to evaluate what kind of impact the PMUs have on the SE
in terms of accuracy and calculation time. The conventional
measurements are the same in both calculations. The PMU
measurements increase the redundancy and they have a lower
standard deviation than the rest of the AC measurements. The
parameters being examined are the same as in scenario 1.

C. Results and analysis

1) Bad data detection: When the SE is applied on the
system the measurements have different standard deviations
depending on the type of measurement. In effect, the standard
deviation is used as a weight to decide how reliable the
measurement is. A low standard deviation indicates that the
measurement is trustworthy. In order to see if the SE works
properly a test is made. To give some degree of freedom for
the calculations 33 measurements are used for the 23 states.
The upper plot in Fig. 8 represent how the AC voltages are
affected by a measurement with error. The middle and lower
plot in Fig. 8 are obtained from the same test but illustrate
the AC angles and DC voltages respectively. The plots in
Fig. 8 shows the difference between the exact value and the
calculated value of the state. The standard deviations that are
being used for weight is for AC measurements σAC = 0.02
and DC measurements σDC = 0.001. The red line in Fig. 8
represents the values of the calculated states when error has
been added to three measurements. The power flow from bus
c in converter Cb-C2, the reactive power flow from bus c in
converter Cb-B1 and the voltage in bus A1. The error that
has been added is a factor of the standard deviation of the
measurements. To correct the errors in the state values the
value of σi for the erroneous measurement is increased by a
factor of 40. After the weight correction we obtain the blue
line.

The results in Fig. 8 does not only confirm the function-
ality of the SE but also clearly shows the importance of a
weighted state estimation method. Otherwise, redundant and
less accurate measurement tools would not contribute to the
certainty of the state values but rather degrade the accuracy of
all the state values. The results of this test also illustrates the
necessity of a bad data detection algorithm.
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Fig. 10. Absolute error of each state in logarithmic scale. Blue line shows
estimated state error with bad data correction and the red line shows without
bad data correction. AC voltages (upper), angles (middle), DC voltages
(lower).

Another test is conducted in order to evaluate the bad
data detection. The measurements that are used in this test
are the same as the previous. Here errors are added to all
measurements to simulate a more realistic scenario. When the
states has been estimated the normalized residual is calculated
for each measurement and the values are shown in Fig. 9.
The threshold in this scenario is set to λ = 4 and as we can
see in Fig. 9 three normalized residuals exceeds this value.
These measurements are removed and a new estimation is
made without them. The red line in Fig. 10 show the absolute
error for each state before the bad measurements are removed
and the blue line the errors after the bad data detection.

Two of the measurements that was removed belonged to
converter Cb-A1. That can easily be seen in the upper and
middle plot in Fig. 10 since only the states that correspond to
that converter are affected by removing these measurements.
As we can see in the lower plot in Fig. 10 the error on all
the DC states decreases when removing the measurement that
contained a large error, as expected.

2) Limitation of redundancy: The errors that has been
added to the measurements are the same throughout this sce-
nario. The blue line in Fig. 11 describe scenario 2a, scenario
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Fig. 11. Absolute error of each state in logarithmic scale. Three different
redundancy in measurements. Blue line represent 30 measurements, red line
51 and green line 64. AC voltages (upper), angles (middle), DC voltages
(lower).

2b is described by the red line in and the green line represent
scenario 2c.

Scenario 2 is mainly a test on what level of redundancy
is needed. When it comes to the DC side, the trend is
pretty obvious in Fig. 11. More measurements leads to better
accuracy as expected. Probably, there is a limit when the
accuracy does not increase but it seems like including every
available measurement would only benefit the DC state values.
How the AC states behave is more difficult to interpret. Fig.
11 and table VI has too small changes between scenario 2a,
2b and 2c, to draw any conclusions. As every AC SE, in the
five different converters, are only connected to DC SE through
pseudo-calculations and not to eachother, the states in these
converter depend a lot on the measurements related to the
converter. When a randomized error based on the standard
deviation is added to the measurements there is a possibility
that some of these errors are quite big. If such a measurement
is added in a converter (as we increase the redundancy) it has
a direct impact on the errors in the corresponding states.

3) Distributed AC and DC systems: In this scenario have
the same 33 measurements been used as in scenario 1. The
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Fig. 12. Absolute error of each AC states in logarithmic scale. Blue line shows
the estimated state error when AC and DC SE are completely seperated. Red
line shows when AC is provided with power flow out from bus c from the
DC SE. Green line represents estimated state error for centralized SE. AC
voltages (upper), angles (lower).

blue line in Fig. 12 represent the error in AC states when the
AC SE are not receiving any data from the DC SE. The red line
in the same figure represent the error in the AC states when
the DC provides the AC SE with the power flow out from bus
c in the converters and the green line show the centralized SE
as a comparison. The same error is used throughout the test.

The results in scenario 3 differed from the expected out-
come. As can be seen in Fig. 12 there were little difference
in AC voltage error and only a slight difference in angle error
between the centralized SE and the distributed SE without
communication between the separated SEs. However, with
communication between the AC SEs and DC SE the errors
actually increased for both angle error and voltage error. This
contradicts our expectations that an AC SE would benefit from
DC SE communicating measurement values but it does not
exclude it being true. Considering the small size of the AC
grids being tested different result could be achieved if these
were expanded to a more realistic size.

4) With and without PMU: The standard deviation that is
used for the PMU, due to more reliable measuring devices,
are in this scenario σPMU = 0.001. In this scenario the
conventional measurements that are being used is the same
as the scenarios above. This means that the conventional
measurements are 33. 5 PMU measurements are used, one
at every bus c in the converters. Note that the centralized
architecture is used so we can see how this impact all the
states. The blue line in Fig. 13 represents the state error
without any PMU measurements. The state error with the
PMU measurements are represented by the red line in the same
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Fig. 13. Absolute error of each state in logarithmic scale. Blue line shows
the estimated state errors when PMU is not used and the red line shows the
estimated state errors when PMU is added to the measurements. The green
dots is the state error on the measurements before calculations. AC voltages
(upper), angles (middle), DC voltages (lower).

figure. The green dots in 13 show the error for the measured
state. Since not every state is measured (but all are estimated)
only the states that has are measured has a green dot. The
randomized error for the conventional measurements are the
same in both scenario 4a and 4b.

We can see from Fig. 13 that the accuracy of both AC angles
and voltages have been greatly improved with PMUs being
used. Any particular differences in the DC voltages can not
be noticed, which was expected. The SE does not improve the
AC angles much compared to the PMU values but on the other
hand the AC and DC voltages are greatly improved compared
to the measured values.

D. General analysis

Calculation time was measured but since the times differed
so much running the same scenario, comparing the calculation
time of different scenarios was of no use. Also seeing that the
calculation time was no more than 1-2 seconds, the difference
was not of interest anymore. This implies that the amount
of measurements have little impact on the calculation time.

TABLE VI
MEAN ABSOLUTE ERROR

Scenario AC voltage error Angle error DC voltage error
1a 1.1702 · 10−2 1.4483 · 10−3 1.0224 · 10−3

1b 1.0926 · 10−2 1.4488 · 10−3 3.2213 · 10−4

2a 5.7026 · 10−3 8.4313 · 10−4 6.8770 · 10−4

2b 8.5476 · 10−3 7.7123 · 10−4 6.1149 · 10−4

2c 7.2349 · 10−3 8.1979 · 10−4 3.8137 · 10−4

3a 1.2159 · 10−2 1.3368 · 10−3 -
3b 1.7531 · 10−2 3.2866 · 10−2 -
3c 1.2193 · 10−2 9.5217 · 10−4 -

4a 1.7504 · 10−2 2.5994 · 10−3 2.5652 · 10−4

4b 5.5243 · 10−3 2.7368 · 10−4 2.5655 · 10−4

Generally it can be stated that the SE have improved the state
values compared to the measured values.

V. DISCUSSION

The aim of this project was to develop a state estimation
algorithm that is modified for meshed multi-terminal DC grids
with voltage source converters and phasor measurement units.
This has been done but one can question if the performance of
the SE is satisfying. Examination of the results implies that the
SE generally improves the state values compared to measured
values but the results are not very clear. Perhaps more test on
the performance of the SE should have been made but a lack
of time prevented this.

The approach to have a SE for the HVDC grid separated
from the connected AC grid(s) has its theoretical advantages
as it allows the more dynamic HVDC grid to run more
frequent estimations than the AC grid to which it is connected.
However, even though the DC values are estimated to an
acceptable level of certainty the AC values could improve.
Possible reasons for this discrepancy in accuracy might be
because the AC values are less trusted (i.e. they have a larger
value of σ) and as a consequence also get a larger randomized
error added to them. It might also depend on the way that the
true AC values are derived. Alternative ways of formulating
the SE scheme which might improve the AC values should be
investigated. One way that is somewhat similar to the scheme
that is briefly investigated in scenario 3, but with the AC
SE implemented on a larger AC grid. This might give better
results because of the sheer size of the AC grid and the higher
level of measurement redundancy.Another way could be that
of completely separated SEs for the AC and DC grids but
with boundary values, these SEs are executed simultaneously
but with the boundary values used and calculated by both SEs
iteratively.

Another method to implement state estimation on
HVDC/AC grids that does not have an as apparent impact on
the AC values but is rather interesting from an administrative
point of view is that if there are no exclusive TSO for the
HVDC grid, but is co-managed by the TSOs of the AC grids.
This would result in a distributed state estimation scheme
where the HVDC grid is divided between the AC grids and
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included in the existing SEs for these grids. How to manage the
boundary values on these coupling points might be interesting
to investigate

When constructing a model of how the HVDC grid be-
have many approximations has been done. In this report the
assumption that the converters are ideal has been made. In a
real scenario the converters would let through transients which
creates capacitance and inductance on the HVDC grid. These
phenomenons are quite small but does still exists and can
create uncertainties when the approximation of an ideal VSC is
made. The same phenomenons are disregarded in the DC/DC
converter which also could have an impact on the results. The
model for the AC/DC converter has been simplified in that way
that harmonics, which can arise from the VSC, is disregarded,
which is big problem in converters. As a suggestion, gathering
measurement values from a real-time simulated grid where
these phenomenons are included would show the impact these
assumptions generates.

To summarize, we would like to propose the following
subjects as subject for future work:

• More scenarios that focuses on how the SE itself performs
• Other ways of formulating a SE architecture as mentioned

above
• Develop a SE that include a more realistic modeling of

AC/DC and DC/DC converters and HVDC grid
• Gather values from a real-time simulated grid to see how

much of an impact the assumptions in the SE modeling
generates
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