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Abstract—Previously, the large conventional fossil fuel 

plants were in charge of supporting the grid voltage by 

supplying the reactive power. They will be gradually 

replaced with renewable energy sources (RES), leading to a 

more volatile power system with low inertia. This paper 

investigates the performance of voltage source converters 

(VSC) in establishment of voltages in a future power system 

featured with hybrid AC-DC grids and wind power plants. 

An optimal power flow (OPF) model for multiple planning 

periods is developed to optimally dispatch the reactive 

power of different available reactive power sources, 

including wind power plants, HVDC converters and 

traditional generators. The developed OPF model is ready 

to work at the top level of a hierarchical voltage control 

scheme. Case studies demonstrated that the developed 

model was able to reduce active power losses and improve 

the voltage profiles in the overall system.  

—Hybrid AC-DC, optimal power flow (OPF), 

HVDC, voltage control 

I. INTRODUCTION 

The most important renewable energy source (RES) 

together with hydro and solar power is wind energy. The 

number of wind power plants (WPPs) has increased 

significantly in last decade and will continue in coming 

years [1]. With the growing WPPs and the gradual 

replacement of large conventional alternators, the desired 

ancillary performances set by the grid code operators on 

WPPs has also been enhanced, e.g. fault ride-through 

capability, reactive power supply and frequency-active 

power control [2]. WPPs are usually placed far away 

from the load centers due to their space requirements and 

requirement for good wind conditions. Therefore, WPPs 

are developed with long distance electrical transmission 

infrastructure. High voltage DC (HVDC) transmission is 

an effective solution to this expensive long-distance bulk 

power transmission. Including the reduced transmission 

material requirements, HVDC transmission is also 

advantageous over high voltage AC (HVAC) 

transmission due to the absence of reactive power 

transmission in it and subsequent joule losses. However, 

the converter substations at the HVDC terminals require 

additional installation and maintenance cost. With the 
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increment of WPPs, the hybrid grid is receiving relevance 

and popularity. 

The voltage level at different buses in a grid must be 

kept within acceptable limit ±10% for steady operating 

conditions [3]. The voltage level in a grid is a function of 

reactive power flow at different operating nodes [4]. In a 

hybrid grid, the voltage source converters (VSCs) at the 

HVDC terminals can play the key role in maintaining the 

voltage level within desired limit. The problem of 

Voltage Control (VC) can be solved locally in multi-

agent system by coordinating the reactive power reserves 

economically [5]. Reactive power management is 

suggested hierarchically by subdividing it into three 

levels from local bus over sub-areas with a strong 

electrical coupling to the whole national power grid [6], 

[7]. An optimal power flow study is a more justified 

approach to solve the VC problem, where the voltage and 

reactive power profile are estimated periodically for 

every bus in high RES penetration environment [8], [9]. 

However, to fulfil the requirements of the future grid, the 

optimal power flow (OPF) method must include the 

characteristics of a hybrid network in it. The performance 

of the hybrid network with conventional generators and 

the power flow involved in it, are previously developed in 

[10]-[12]. The aim of this work is to develop a tool in 

order to optimally control the voltage in a hybrid AC-DC 

system with WPPs as an additional reactive power source. 

Thereafter, the most suitable voltage set-points and 

reactive power outputs are recommended for the 

conventional generators, WPPs and the VSCs at HVDC 

terminals. The objective of the OPF study is to minimize 

the transmission losses in the hybrid network. The entire 

paper can be outlined as follows. Section II depicts the 

reactive voltage control with hierarchical model. Section 

III develops the hybrid network used in this study and the 

impact of different power flow algorithms on it. Section 

IV describes the results and discusses the relevance of the 

proposed technique. Section V concludes the work with 

future extension possibilities. 

II. VOLTAGE CONTROL WITH HIERARCHICAL MODEL 

The traditional VC method is updated with the hierar-

chical reactive power flow control method to cope up 

with the rate of generation fluctuations of RES [13], [14]. 
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A. Structure of Hierarchical Model 

Besides, the possibilities of integrating the WPPs and 

HVDC lines into the power system VC strategies, there 

are multiple advantages of implementing the hierarchical 

model (Fig. 1) [13], e.g. 1) reduced fluctuations of the 

predefined voltage profile, 2) enhanced ‘var’ reserves for 

emergency conditions, 3) close to unity power factor 

transmission, 4) reduced transmission loss, 5) better 

utilization of ‘var’ sources. 

 

Figure 1. Hierarchical voltage control method. 

The hierarchical VC method is organized in three 

levels of system voltage regulation; primary, secondary 

and tertiary in the inner loop. The outer loop consists of 

State Estimation which is forwarded to OPF, which 

determines the optimum set-points. The set-points are 

transmitted to the highest level of VC. The three levels 

overlap with one another and form a closed-loop control 

mechanism. They are distinguished by their speed of 

dynamics with the primary level is the fastest one and so 

on. Moreover, they are also separated spatially where the 

primary level takes care of the local bus voltage and the 

complete system is governed by the tertiary level [6]. The 

OPF method uses the conventional power flow methods 

to optimize a defined problem. This can be the 

minimization of generation cost or the maximization of 

security margins. However, in several cases the 

minimization of the system transmission losses is of 

prime interest. The optimization can be implemented to 

find the best reference values for the voltage profile of a 

system. The OPF method constantly updates the voltage 

(V) and reactive power (Q) set-points based on the 

system operating conditions and latest measurements of 

bus voltages, angles and active-reactive injections. OPF 

also offers the possibility to add the system constraints 

e.g. line flow, generator limits etc. while optimizing for 

the best solution.  

B. OPF for the System Voltage Control 

To develop the OPF model for VC, the equalities and 

inequalities involving the active-reactive power injections 

for each bus need to be identified. The active-reactive 

power flow can be expressed as follows, 

 inj G DP P P    (1) 

 inj G DQ Q Q    (2) 

where
injP and

injQ  are the active-reactive power injections 

at any bus with
GP , 

GQ  and
DP ,

DQ are generation and 

demand at the specified bus. For ith bus, the generation 

and demand can be expressed in terms of bus voltage and 

admittance parameters as expressed as 

 ,

1

( cos sin )
n

inj i i j ij ij ij ij

j

P V V G B 


    (3) 

 ,

1

( sin cos )
n

inj i i j ij ij ij ij

j

Q V V G B 


    (4) 

where Gij and Bij represent the conductance and 

susceptance of the line connecting ith and jth buses. An 

optimal power flow is an optimization method applied on 

the power flow on the interconnected system. The 

equalities and inequalities apply limit to the system 

quantities and optimize the power flow to fulfil a 

specified objective function [15]. In this study, the 

transmission loss in the system is defined as the objective 

function while maintain the VC. 

III. SYSTEM OVERVIEW AND OPTIMIZATION 

A. AC Grid Modelling 

An 8-bus AC-transmission system is developed as 

depicted in Fig. 2. The distribution systems are 

represented by lumped loads. They are connected 

together with the generators to 4 medium-voltage (MV) 

buses. The transmission lines are represented as π-model 

and the transformer as series equivalent reactance. Line 

impedance, shunt susceptance and transformer reactance 

can be found in Fig. 2.  

TABLE I: GENERATION AND LOAD DATA FOR PURE-AC GRID 

SIMULATION (PIN MW AND Q IN MVAR) 

Type 
GP   ,minGP  ,maxGP  GQ   ,minGQ  ,maxGQ  

G1 - 0 1530 - -720 1440 

G2 100 - - - -240 480 

WPP1 150 - - - -100 100 

WPP2 150 - - - -150 150 

WPP3 225 - - - -150 150 

L1 -285 - - -93.67 - - 

L2 -380 - - -124.9 - - 

L3 -285 - - -93.67 - - 

 

 

Figure 2. Sketch of the pure AC grid. 

The network consists of 2 conventional generators (G1, 

G2) supplying with active-reactive power to the system 
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where, G1 is the reference machine at the slack bus 1. 

There are three WPPs, each representing large onshore or 

offshore wind farms. The wind turbine generators (WTGs) 

are lumped together and modelled as a generator. Their 

reactive power capability depends on the scenario, 

described in the next section. The grid has 3 load centres, 

located at bus 1, bus 4, and bus 6. 

The optimization algorithm consists of three parts; the 

grid data and the solver in the main program, the 

objective function and a function containing the equality 

and inequality constraints as elaborated in [16]. For the 

inequality constraints, the active-reactive power generator 

limits are implemented as in Table I. Depending on the 

three different case studies, the ‘var’ limits for the WPP 

are set as in Table I; ‘var’ is set as zero in case of no 

reactive power support. 

Furthermore, the apparent power flows in each line are 

calculated, using the state variables and the admittance 

matrix following the common power flow equations 

explained in [15]. The apparent power flow limits for the 

transformers and transmission lines are listed in Table II. 

TABLE II: APPARENT POWER FLOW LIMIT 

From Bus To Bus maxS  (MVA) 

1 2 1800 

2 3 448 

2 5 498 

3 4 1200 

3 5 498 

5 6 448 

5 7 1200 

7 8 600 

B. HVDC Extension 

 

Figure 3. Sketch of hybrid AC-DC grid. 

In this step, the pure AC system is extended to a hybrid 

network by including the HVDC interconnection with its 

terminal VSCs as indicated in Fig. 3. In this case, the AC 

line between bus 5 and 7 is replaced by the direct current 

line, the converters and two DC buses. To implement the 

HVDC line, the DC conductance matrix GDC is included 

with AC conductance matrix GAC in the grid data section; 

the terminal DC bus voltages (for Bus 9 and 10) E9 and 

E10 are included with pure AC-grid state variable vectors 

with suitably implementing the AC-DC conversion 

equations though VSCs as elaborated in [17], [18]. 

TABLE III: GENERATION AND LOAD DATA FOR HYBRID AC-DC GRID 

SIMULATION (PIN MW AND QIN MVAR) 

Type 
GP   ,minGP  ,maxGP  GQ   ,minGQ  ,maxGQ  

G1 - 0 1530 - -720 1440 

G2 100 - - - -240 480 

WPP1 300 - - - -100 100 

WPP2 300 - - - -150 150 

WPP3 450 - - - -150 150 

L1 -475 - - -156.1 - - 

L2 -475 - - -156.1 - - 

L3 -380 - - -124.9 - - 

 

The only changes made in the objective function is the 

higher wind power production together with the new load 

data as indicated in Table III. The active-reactive power 

injections by the VSCs can be modelled by modifying the 

equality constraints as indicated in (5). 

 
, ,9 5 , ,9

, ,10 7 , ,10 7

0 0

0 0

0 0

0 0
;     

0 0

0 0

VSC VSC
DC inj DC inj Q

DC inj DC inj

P Q
P Q

P Q

 

 

   
   
   
   
   
   

    
   
   
   
   
   
   

  (1) 

In this case, the converter loss is also included in the 

equality constraints which is shown in (6), where, 
iVSCI is 

the current through ith VSC; the converter dependent 

values a, b, c are taken from [17].  

 2

, i i iloss VSC VSC VSCP a bI cI     (2) 

Therefore, the final equality constraints in presence 

HVDC line can be represented as in (7-8). 

 , ,0 G D DC inj loss VSCP P P P      (3) 

 
,0 G D DC injQ Q Q     (4) 

IV. RESULTS AND DISCUSSION 

The case studies are developed in three steps: 1) pure 

AC grid, 2) extended grid with a HVDC line, connecting 

a WPP to the main AC grid, 3) the tool is modified to 

optimize not only one time step, but also with whole time 

series (24 hours). 

A. AC Grid Simulation 

For the AC grid, three subcases are studied as follows, 

the conventional power flow is conducted using the 

Modified Newton-Raphson (MNR) method. Thereafter, 

the optimal power flow is applied on the same grid. In 

both the cases two conventional generators only supply 

reactive power. In a next step, the WPPs are used as 

additional ‘var’ sources to improve the system 

performance and to reduce the overall losses. For the 

reference base case, the voltages at the slack and PV 
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buses are fixed at a set-point of V=1 p.u. To find the 

optimum values, the voltage at bus 4 is released in the 

OPF. 

In case of conventional power flow, the voltages at bus 

1 and bus 4 are as expected at V=1 p.u. (Fig. 4 (a)), the 

remaining voltages of the grid follow the controlled buses 

and their magnitudes depend on the passive influence of 

the grid as well as the generation and load. In Fig. 4 (a) 

the voltages at bus 2 and bus 3 are seen to be close to the 

reference of the controlled nodes since they are 

electrically strong coupled. However, bus 5 to bus 8 are 

far away from reactive power support which let their 

voltages decrease significantly, close to the lower limit of 

V=0.91 p.u. This is due to the reactive power 

consumption at the load bus 6 and the ‘var’ demand of 

the lines and transformers. Whereas, the OPF determined 

a significant higher set-point for the PV bus 4 (in Fig. 4 

(b)). This provokes all uncontrolled buses to increase 

their voltage level considerably. The origin of this boost 

is an optimized reactive power dispatch; since the slack 

bus voltage level is fixed, the PV bus (bus 4) clearly 

injects higher reactive power. This changes in the ‘var’ 

dispatch, followed by an optimized voltage profile, 

influence the active power losses of the system. 

The OPF grid situation causes higher losses in the two 

lines, which connect the PV bus with the rest of the 

system. However, the losses in the other lines are reduced 

(10.6 MW to 10.2 MW). This leads to a total reduction in 

Joule losses of ca. ΔP = 0.4 MW which corresponds to 

3.86% of the reference losses. 

 
(a) 

 
(b) 

Figure 4. Voltage profiles in a) MNR method and b) OPF method 
with no WPPs ‘var’ support. 

 

Figure 5. Voltage profile for OPF method in pure-AC grid with 
WPPs ‘var’ support. 

In the third case, the WPPs are also contributing ‘var’. 

WPP1 contribute to the VC capability of the conventional 

generator. However, now it possible to actively influence 

the voltage level at bus 6 and bus 8 by injecting or 

absorbing vars. This results in the voltages magnitudes 

significant higher at bus 5 to bus 8 (in Fig. 5) compared 

to the case without ‘var’ support from the WPPs. 

In this subcase, the reactive power generations, which 

where before only injected at bus 1 and bus 4, are now 

distributed to all nodes with connected WPPs. This has 

two advantages, firstly the transfer capacity of the lines is 

increased for active power; secondly the heating losses 

are significantly lower due to the lower reactive currents. 

This leads to a total loss reduction (10.6 MW to 7.08 MW) 

of ca. ΔP = 3.54 MW which corresponds to 33.33% of 

the base case losses. 

B. Hybrid Grid Simulation 

To analyse the behaviour of the hybrid AC-DC 

network, an HVDC line is implemented to connect the 

WPP3 at bus 8 through the step-up transformer to the 

main AC grid at bus 5. Along with the WPPs, the 

terminal VSCs also play key role in the system dynamics. 

This case involves four subcases as follows; initially, G1 

and G2 only supply ‘var’ to the grid where the HVDC 

line decouples the AC grid into two; in the 2nd subcase, 

VSCs contribute ‘var’ to the system; in the 3rd subcase 

only WPPs take care of the VC; finally, both WPPs and 

VSCs support the grid VC. 

In the first subcase (Fig. 6 (a)), the voltage of bus 4 is 

seen to almost touching the maximum limit of v = 1.1 p.u. 

to provide necessary ‘var’ support since there is no other 

active ‘var’ support in the system and the slack bus 

voltage is constant at v = 1.0 p.u. Moreover, there is no 

reactive power source existing in the southern part of the 

network, voltages at bus 5 and bus 6 are very low to 

import the ‘var’ from the northern part of the network. In 

the next two subcases (Fig. 6 (b) and (c)) the voltage 

profiles at bus 5 and bus 6 are seen to be improved from 

the former subcase (shown in Fig. 6 (a)) due to the ‘var’ 

support from VSC and WPP2 in respective subcases.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Voltage profile for a) No ‘var’ support, b) Only VSC ‘var’ 
support, c) Only WPP ‘var’ support and d) VSC & WPP ‘var’ 

support. 

Moreover, bus 4 voltage is no more touching the 

maximum limit of v=1.1 p.u. as indicated in Fig 7 (b) and 

(c), because the ‘var’ requirement in the southern part of 

the network is locally compensated by VSC and WPP2. 

In the last subcase (Fig. 6 (d)), with the support of VSCs 

and WPPs the best result with high voltage levels for a 

low-loss is optimized. In this subcase no long distance 

‘var’ transmission is required. It can be supplied locally 

by the VSCs and WPPs. The voltage at bus 7 or bus 8 is 

slightly higher or nearly balanced in the last subcase 

depending on the VSC that is injecting the reactive power. 

The voltage in the DC link is controlled by the VSC at 

the WPP3 and kept at the maximum for bus 10. The 

lower voltage at bus 9 is seen due to the voltage drop 

over the line resistance, depending on the amount of 

transferred power from WPP3 into the network. The 

voltages at bus 9 and bus 10 are seen to be identical in all 

four subcases (indicated in Fig. 6) because they are kept 

at their maximum limit and unable to contribute ‘var’ to 

the AC network by being decoupled by the HVDC line.  

The objective function defined while maintaining the 

voltage profile by providing ‘var’ support, is minimizing 

the transmission loss in the whole hybrid AC-DC 

network. The total active power loss in four subcases are 

listed in Table IV. 

TABLE IV: ACTIVE POWER LOSSES IN FOUR DIFFERENT SUBCASES 

Subcases (Hybrid AC-DC grid 

modelling) 

Active power loss 

(MW) 

No ‘var’ support 44.15 

VSC ‘var’ support 42.06 

WPP ‘var’ support 40.62 

VSC & WPP ‘var’ support 40.31 

 

Based on the active power losses listed in Table IV, it 

is clear that the local distributed ‘var’ injections that lead 

to better voltage profile, causing reduced system losses.  

C. Time Series Simulation 

For the time series simulations, only the two extreme 

subcases are considered; no ‘var’ support from WPPs and 

VSC at bus 5 and full support. The wind power output 

shown in Fig. 7 is calculated according to the real wind 

speed measurement for a day in April in Germany [19]. 

 

Figure 7. Load demand and wind power production over the period 
of 24 hrs. 
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Figure 8. Total active power losses in two subcases for time series 
simulation. 

 
(a) 

 
(b) 

Figure 9. AC-bus voltage a) without and b) with ‘var’ support from 

WPP & VSC in hybrid network 

Fig. 8 compares the active power losses of the hybrid 

system for the two extreme subcases. It can be seen that 

with local and distributed ‘var’ support the overall system 

loss can be optimized. 

From the results shown in Fig. 9, it is seen that with 

full support from VSC and WPPs the voltages at bus 3 

and bus 4 are now lower since less reactive power needs 

to be transmitted to the southern part of the network. 

Whereas, the voltage magnitudes at bus 5 and bus 6 are 

even higher and can kept at an optimum level with low 

losses. Therefore, the time series simulation result leads 

to identical conclusion as hybrid grid simulation results. 

V. CONCLUSION AND FUTURE WORK 

This paper illustrates how the OPF method supports 

the voltage at different buses of a hybrid AC-DC network 

with high penetration of wind energy. In this process, the 

WPPs and VSCs play a key role in distribution of ‘var’ in 

the network and reduce the long-distance transmission of 

reactive power from conventional generators. To test the 

developed OPF tool under changing system conditions, a 

time-series analysis has been conducted under varying 

wind power production and load demand. It shows that 

the active power losses over this time period can be 

significantly reduced by WPPs and VSCs while 

improving the system voltage conditions. The developed 

tool can be implemented in future for larger hybrid 

network with redefined objective function, e.g., 

generation cost minimization, ‘var’ production 

minimization, transmission and distribution optimizations. 
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