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Abstract. For the purpose of large-scale wind power accommodation in a voltage source converter 
based multi-terminal high voltage direct current (VSC-MTDC) AC/DC system, this study proposed 
a robust optimal power flow strategy for VSC-MTDC AC/DC uncertain systems. The strategy is 
suitable for long timescale application while considering the uncertainty in the power production of 
wind farms. The optimization mathematical model was established using cassette uncertainty set, 
which takes economy and security metrics into account. The economically optimal decision on limit 
maximum conservative solutions for all uncertain sets is obtained using the Differential Evolution 
and Predictor-Corrector Primal-Dual Interior Point Method (DE-PCPDIPM) hybrid optimization 
algorithm. Wind power transmission efficiency and effectiveness in MTDC is improved by the op-
timization of VSC control command value and cooperative control among converter stations. The 
study also proposed to alleviate wind power accommodation problem effectively through coordi-
nated optimization with AC power grid dispatching. The effectiveness of the robust optimization 
strategy was verified on the IEEE 14-bus system, and the effect of parameter uncertainty range on 
the robust optimization decision is analyzed. The results showed the improvement in economy op-
eration of the VSC-MTDC AC/DC uncertain system.  

1 Introduction 
Due to the inverse distribution of energy resources and load allocation in China, the limit of peak 

load regulation capacity, transmission capacity and relatively weak grid structure in new energy 
base, a proportion of the available wind power which cannot be consumed locally, has been aban-
doned during the operation. Consequently, the efficiency level of the wind power development can 
be seriously influenced [1]. The multi-terminal flexible direct current transmission based on voltage 
source converter (VSC-MTDC) is an effective solution for the problem of wind power consumption. 
However, previous studies on VSC-MTDC mainly focused on the control strategy of VSC, whereas 
research on the optimal operation of VSC-MTDC AC-DC power system to improve wind power 
consumption has not gained sufficient attention. For example, instruction value for VSC power or 
voltage control is determined through operation experience in general, which is lack of certain basis 
[2]. 

Traditional study on system optimization in electric power system with wind farms is 
mostly based on the short-term wind power forecast, but the randomness and volatility of wind 
energy can cause significant error in the accuracy of wind power prediction. Uncertainty in 
wind power is ignored when optimization strategy applies predicted wind power as an input, 
hence the random fluctuations of actual wind power which impact economy and safe operation 
of system cannot be coped with timely. Robust optimization is an effective method for dealing 
with uncertain ties, which is committed to solve system optimization problem with uncertain 
parameters. With the robust optimization strategy the solution of the decision  variable must 
strictly meets the system operating constrains under the uncertainty set, so results are partly 

101Copyright © 2018, the Authors.  Published by Atlantis Press. 
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

Advances in Intelligent Systems Research (AISR), volume 150
2017 International Seminar on Artificial Intelligence, Networking and Information Technology (ANIT 2017)

mailto:akangzjzh@163.com
mailto:xingchenyao@yeah.net


conservative inevitably [3]. 
By combining the VSC distributed voltage control with AC power grid scheduling optimi-

zation, the strategy proposed in this article enhances the capacity of wind power consumption. 
A robust optimal power flow method of VSC-MTDC AC / DC system based on long time scale is 
proposed considering the uncertainty of wind farm output. The method is capable of reducing the 
conservatism of the robust decision, and ensuring the economy level of decision-making plan 
under the long time scales. An unified iterative hybrid optimization algorithm is used to deal 
with the robust optimization mathematical model of the VSC-MTDC AC / DC uncertain sys-
tem, which is based on the Differential Evolution(DE) and Predictor-Corrector Primal-Dual 
Interior Point Method(PCPDIPM).The algorithm provides suitable reference value for VSC 
voltage and power control, and thus realizes the economic and safe operation of VSC-MTDC 
AC/DC system with the uncertain wind power conditions. 

2 Key Problem Research on Wind Power Consumption 
Factors affecting wind power consumption mainly include: 1) consumption level, e.g., the 

technology performance of wind power grid connection, grid dispatching operation level, etc; 
2) consumption ability, e.g., the system adjustment ability, and power grid transmission ca-
pacity [4]. 

As wind power is clean and renewable energy, and conventional thermal power generating 
cost is higher, grid scheduling optimization can be used to properly regulate the percentage of 
two types of energy resources, hence improving the economic operation level of the system. 

To sum up, VSC coordination control and optimal instruction value improve the transmis-
sion capacity and efficiency of MTDC; combined with scheduling optimization of AC power 
grid, it also can effectively increase wind power consumption. 

Cooperative control among converter stations adopts a distributed voltage control method 
[5]-[6]. VSC rectifier side connect large-scale wind farms and DC power transmission system, 
which is controlled in fixed AC power control mode since the wind farm output changes with 
wind speed fluctuations. Active power instruction value of the VSC rectifier side is consistent 
with the wind farm output, while power losses of transmission line and converter are ignored, 
thus all wind farm output can be transferred. VSC inverter side connects DC and AC network. 
DC power flow characteristics are decided by DC voltage distribution of MTDC, and trans-
mission losses are decided by voltage difference between buses. For MTDC network power 
balance, VSC rectifier side and inverter side are set on fixed DC voltage control.  

In order to secure the stability of AC system voltage, VSC inverter side is set to fixed reac-
tive power control. 

 
Fig. 1.  Structure and local map of VSC-MTDC Grid-connected wind power. 
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In Fig. 1, VSC power loss is made equivalent change, then overlaid on the power loss P∆ of 
converter reactor, represented as equivalent resistance R of converter station loss. Active 
power flowing out from the inverter is equal to which flowing in when under normal operation, 
that is:  

cd PP =                     (1) 

∆+= PPP ac                  (2) 
2ddc /MUμU =               (3) 

Voltage utilization rate µd is related to the modulation ratio M and modulation mode. 

3 Fuzzy Multi-Objective Optimization Model of VSC-MTDC AC/DC System 

A．Economic optimization model of VSC - MTDC AC/DC system 
１) Objective function of transmission loss: Transmission losses of VSC - MTDC AC/DC sys-

tem include loss of VSC - MTDC and AC power loss, the former mainly includes converter equip-
ment transmission losses, DC transmission line losses, etc. The latter is mainly AC transmission line 
loss, AC transformer loss, etc. 

Optimization model of VSC - MTDC loss is shown as follow, assuming the loss is propor-
tional to transmission capacity [7]: 
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Optimization model of AC transmission loss is 
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In conclusion, objective function of VSC - MTDC AC/DC system transmission losses is: 
∑
=
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dcac,
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iPf                                                    (6) 
２) Objective function of grid scheduling: Power grid scheduling sets minimum generator 

power cost as objective function. Wind power is renewable clean energy, so generating cost of tur-
bine can be ignored and only AC generator cost is considered. Through the fitting of a quadratic 
function, the formula can be expressed as follow: 
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B．Security optimization model of VSC - MTDC AC/DC system 
Node voltage in electric power network should be stable within a reasonable range, the de-

gree deviating from the rated voltage is set as punishment object: 
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C．Obfuscation of VSC - MTDC AC/DC system multi-objective optimization model 
Dimension of the multiple optimization objective function above is different, and the nu-

merical difference is big. Hence, the simple weighted process will lead the optimization to 
focus on the target that has larger function value. This article uses fuzzy optimization theory to 
deal with above function. It transformed each objective function to membership function be-
tween 0 and 1, and then weighted method can be used to transform it into single objective op-
timization model which is easy to solve. The membership functions of objective function f1、

f2、f3 are shown as following piecewise linear functions: 
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In (9), the value of the membership functions reflects the value of the original objective 
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function indirectly. According to the characteristics of membership functions and objective 
functions in (6)- (8): indexes as small as possible, then the system fuzzy optimal objective 
function is shown as: 

∑
=

=
3

1

)(min
i

ii fF ηα                                                 (10) 

αi reflects the importance of the membership functions (i.e., the original objective function), 
and 1=∑

i
iα 。 

4 Robust Optimization Mathematical Model of VSC-MTDC AC-DC Uncertain Systems Based 
on The Long Time Scales 

A．Cassette modeling of uncertain wind farm output  
Conventional wind speed forecasting result is predictive value at a certain time instant, 

which changes over time. In experiments, we can use Weibull random number generator to 
simulate forecasted wind speed: 
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The relationship between v and )(vP′ can be approximately expressed as[8] : 
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From (12), we can see that turbine output )(vP′ and wind speed v are nonlinearly related, if 
and only if vci≤v≤vrate, turbine output is affected by wind speed. That is to say, velocity uncer-
tainty has an influence on turbine output only when the wind speed is in the above range. 

For the actual large-scale wind farms, the total wind power fluctuations will greatly reduce 
when large number of turbines are connected to grid. The large-scale centralized wind farm 
output model can be represented as: 
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The greater the nw, the steadier the wind power that wind farm produces. 
The actual wind speed is uncertain, quantitative modeling of uncertainty parameters is an 

important component of the robust optimization. Cassette model of uncertain parameters is 
simple, intuitive and easy to handle, can be used to describe the error between the predicted 
values and the actual value [8]. By adding uncertain factors on the basis of wind speed fore-
casting data, wind speed under any moment changes in an uncertain neighborhood based on 
forecast wind speed at that point. Bounded cassette uncertainty set of the actual wind speed is 
shown in the following formula: 
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Mathematical model of uncertain wind farm output can be expressed as:  
}),()(:{ Ti

fix
iiii
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ii

N NiDvPPDvPRPW T ∈∀≤≤∈= +−                                (15) 
B．Robust optimal mathematical model of VSC-MTDC AC / DC uncertain system based on 

long time scale 
In previous research work[9]-[11], robust optimization was generally summarized as 

min-max optimal idea in mathematics, that is, optimal solution of objective function value 
satisfies limiting case of system under uncertain parameter set. Without considering effect of 
uncertainty parameters on the decision of the system under long time scales, and in order to 
meet the limiting case within uncertain set, the decision results are quite conservative. 

Cost of MTDC system will increase because of the uncertainty of wind power output for a 
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long time scale, in other words, the economy of system is reduced and the safe operation of 
the system is impacted. To reduce the conservatism of the decision quantity, and guarantee 
decision-making plan to maintain a certain economic level in the long time scales, there are 
two core points about robust optimization in this article: 1). Seeking an ultimate maximum 
conservative solution in the range of uncertain wind power output by conservative game the-
ory at any time, so as to make optimal results satisfy system cost under the worst condition; 2). 
In a long time scale, uncertain wind power output is decided rationally, risk game theory is 
used to improve the economy of system and to seek economic optimal solution on the premise 
of safe operation. That is, value of independent variable is economic optimum result which 
comes from the ultimate maximum conservative solutions in the long time scale within all 
uncertain sets satisfied optimal objective function. Robust optimization model of VSC-MTDC 
AC/DC uncertain system based on long time scales can be expressed as (16), it can be sum-
marized as min-max-min optimal theory in mathematics. 
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T
dccaaGG ],,,,,,[ UQPUQP θ=x includes active power and reactive power of AC generator, voltage 

phase and amplitude of AC node, controlled quantity of VSC active and reactive power, and 
the DC bus voltage in MTDC network.  

１) Equality Constraints: For pure AC nodes, the power equation is: 
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Combined with the steady-state power inverter features such as (4), node power correction 
equation of inverter is: 
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For symmetric DC grounding MTDC network: 
)( dddddd ii
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Voltage of AC and DC nodes that VSC connect satisfy modulation relation as following: 
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２) Inequality Constraints: Turbine output restrictions in DC network: 
 maxdGdGmindG PPP ≤≤                                              (18a) 
Generator output restrictions in AC network: 
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Node voltage and branch power restrictions in AC and DC network: 
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Converter transformer ratio and converter station capacity restrictions: 
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5 Solution of Robust Optimization Model of VSC-MTDC AC-DC Uncertain System  
According to robust optimization core idea in VSC - MTDC AC-DC uncertain systems, so-

lution of robust optimization model shown in (16) is divided into two steps: first step, 
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max-min solution, called evaluation part of robust structure. In the condition of meeting all 
restrictions, seeking the biggest pay as well as the control variable of system within wind 
power uncertain set that point-in-time corresponding through the evaluation of the objective 
function, to guarantee system control quantity can adapt to system cost in worst case; Step 2, 
min - max solution, called decision making part of the robust structure. From the point of long 
time scale, wind power output is formed by a number of wind power uncertain set over time 
arrangement. Robust decision is selecting economic optimal result in a long time scale, and 
policymakers must be responsible for the consequences of that decision. 

Robust evaluation of VSC - MTDC AC-DC uncertain system is solution of large scale non-
linear optimization problem composed of multiple constraint conditions and actual operating 
variables. This paper combines the global optimization of DE algorithm with strong conver-
gence, fast rate of convergence and strong ability to deal with continuous variables of 
PCPDIPM algorithm, evaluates and solves robust optimization model shown in (16) by using 
hybrid optimization algorithm DE - PCPDIPM. DE algorithm makes robust evaluation of un-
certain wind field output in uncertain interval as the outer loop framework, seeking system pay 
for the worst case. In every iteration of DE algorithm, PCPDIPM solves power flow constraint 
mathematical model of VSC - MTDC AC/DC uncertain system as the inner loop. Setting (10) 
as objective function to realize optimization of distributed voltage control instruction value of 
VSC and control variables of AC system.  

A．Solution of robust evaluation  
１) Robust evaluation by outer loop DE algorithm [12]-[13]: Searching randomly within 

uncertainty sets of wind farm output through DE algorithm, to seek the wind output in the 
worst case as the input of the system. 

a) Initialization: DE algorithm generates initial population of uncertain wind filed output P=[P1, 
P2,…Pk] randomly： 

{ }Pkiiiii NiPPP ,...2,1,],...,[)0(|)0( ,2,1, ==PP                                  (19) 
b) Mutation: Randomly selecting two distinct individuals )(2 grP 、 )(3 grP from the parent popu-

lation, then  synthesizing differential vector of them after scaled and individuals )(1 grP to be mu-
tant, to produce new mutant individual )1( +giV .Mutation can be expressed by the following formula: 
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c) Crossover: To gain on optimal objective solution, DE algorithm cross mutant vector Vi(g+1) 

and target vector Pi(g) at a certain probability, to gain g+1-th generation trial individual vector 
Qi(g+1)=[Qi,1,Qi,2,…Qi,k], j-th component of it is expressed as: 
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 jrand ensures that at least one dimension variable of new trial vector is contributed by the 
mutation vector. 

d) Selection: System fuzzy multi-objective function minF shown in (10) is chosen as DE fitness 
function, individual which fitness function value is bigger will serve as a new generation target 
vector for calculation. 
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e) Termination conditions: Stopping the search when the number of iterations g exceeds the 
maximum number Gm or accuracy of solution meets the requirement. 

２) Optimization of system power flow variable by inner loop PCPDIPM [14]-[15]: 
a) Construct Lagrange function: Inequality constraints transformed into equality constraints 

through slack variable: 
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Slack variables are constrained by barrier function, and Lagrange function of original ob-
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jective function is constructed by Lagrange multiplier method: 
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b)Solution of Lagrange function: Necessary condition for the existence of extremum value of 
Lagrange objective function is its partial derivative formula has a solution. 

The difference between PCPDIPM and PDIPM is addition of high order of slack variable, 
which accelerated the speed of the steepest descent approximate center path.  

Assuming newton total direction T],,,,,[ yxuwlzX ∆∆∆∆∆∆=∆ ，partial derivative formula can 
be expressed as follows： 

coaf
2 )( KKXXL +=∆⋅∇λ                                             (25) 

Solution of ΔX is divided into affine direction ΔXaf and correction direction ΔXco. 
First, calculate affine direction ΔXaf. Order reduction method is used to deal with matrix 

operation afafaf
2 )( KXXL =∆⋅∇λ . Solution of affine direction ΔXaf is divided into decomposition 

calculation of LDLT in formula (26) and backstepping calculation of (27). 
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Then calculating affine direction step length，dual gap, center parameter and barrier pa-
rameter of the k-th iteration.  

Calculating correction direction ΔXco, Order reduction method is also used to deal with ma-
trix operation cococo

2 )( KXXL =∆⋅∇λ , Solution of correction direction ΔXco is divided into de-
composition and backstepping calculation of LDLT.  

Original and dual variables can be updated after newton direction and iteration step length 
are obtained: 
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In order to decrease the iteration number of algorithm and to improve the efficiency of 
calculation, update of the original and dual variables take different iteration step length re-
spectively. 

Cycling the above calculation iteration process after original and dual variables are updated. 
When PMGap ε≤ , that is, dual gap achieves required precision or iteration time reaches maxi-
mum number, iterative process exits. 

B．Solution of robust decision 
From the point of long time scale, wind power output is formed by a number of wind power 

uncertain set over time arrangement. Through robust evaluation, system pay and correspond-
ing power flow control variable under worst case in each uncertain set are solved. The second 
step of robust optimization called robust decision is selecting economic optimal control varia-
bles under long time scales as final results. 

Robust optimization flow chart of VSC-MTDC AC-DC uncertain system based on the long 
time scales is shown in Fig. 2. 
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Fig. 2.  Flow chart of robust optimization adapt to VSC-MTDC AC/DC uncertain system 

over a long time scale 

6 Examples Analysis 

A．Comparison between robust optimization and traditional optimization  
The modified IEEE 14 nodes VSC - MTDC wind power grid system is taken as an example 

for robust optimization. In Fig. 3, G1、G2 stand for wind farm, converter station VSC3、VSC4 

input wind power into AC network, G3、G4、G5 are normal generators for AC network. Pa-
rameters of VSC - MTDC AC-DC network: reactor X4=0.35p.u. , parameters of line, load and 
transformer in AC network are consistent with these in IEEE14 node system.  
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Fig. 3. Modified IEEE 14-bus system with 
VSC-MTDC Grid-connected wind power       

Fig. 4. Short term forecast of wind power 
output in 1 hour 
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 One hour wind speed forecasting sample with 10 minutes interval is produced according 
to the formula (11), wind farm G1: k=2.02、c=17, wind farm G2: k=1.9、c=15. Prediction of 
large-scale centralized wind power output in an hour is shown in Fig. 4 according to (12): 

At present, in the countries such as Germany and Denmark, the wind speed prediction error 
is within 10%. Uncertainty factors are added on the basis of one hour wind speed forecasting 
samples in Fig. 4, and wind speed uncertainty set is established. Scale parameter of uncertain 
interval set of wind speed is set D±=±10%, model of uncertain wind power output is con-
structed according to (15), upper and lower limit of wind power output is shown in Table I. 

TABLE I 
CASSETTE SET OF UNCERTAIN WIND POWER OUTPUT 

Time(min) 10 20 30 40 50 60 

G1 

upper 
lim-
it(p.u.) 

0.54
1 

0.58
5 

0.54
6 

0.38
4 

0.78
0 

0.72
7 

lower 
lim-
it(p.u.) 

0.44
3 

0.47
9 

0.44
6 

0.31
4 

0.63
8 

0.59
5 

G2 

upper 
lim-

it(p.u.) 

0.45
8 

0.54
6 

0.42
2 

0.65
2 

0.52
9 

0.52
6 

lower 
lim-

it(p.u.) 

0.37
4 

0.44
6 

0.34
6 

0.53
4 

0.43
3 

0.43
0 

TABLE II 
RESULTS OF ROBUST EVALUATION 

Time(min) 10 20 30 40 50 60 
object(p.u.) 

control variable(p.u.) 0.417 0.553 0.409 0.466 0.597 0.581 

VCS1 
Pc 

0.54
1 0.585 0.546 0.384 0.780 0.72 

Ud 2.00
9 2.055 2.005 2.023 2.064 2.06

2 

VSC2 
Pc 

0.44
3 0.546 0.422 0.652 0.529 0.51

7 

Ud 2.00
5 2.052 2.000 2.028 2.056 2.05

5 

VSC3 
Ud 1.99

5 
2.0
39 

1.9
91 

2.01
1 

2.0
44 

2.04
3 

Qc 
0.17

9 
0.1
96 

0.1
77 

0.1
84 

0.2
07 

0.20
3 

VSC4 
Ud 1.99 2.0

35 
1.9
85 

2.0
09 

2.0
38 

2.03
8 

Qc 
0.13

3 
0.1
56 

0.1
30 

0.1
46 

0.1
64 

0.16
0 

G3 
PG3 0.50

9 
0.4
62 

0.5
15 

0.4
93 

0.4
02 

0.42
6 

Ua 
1.06

5 
1.0
86 

1.0
62 

1.0
73 

1.0
86 

1.08
6 

G4 
PG4 0.57

5 
0.5
30 

0.5
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Uncertainty wind power output cassette set is taken as system input. The model in Fig. 3 is 
performed a power flow optimization calculation by using the proposed robust optimization 
method based on the long time scales, the robust evaluation results are shown in the Table II 
below: 

Robust decision is the result of meeting the system economics based on long time scales, 
the results are shown in Table III: 

TABLE III 
RESULTS OF ROBUST DECISION 

fa-
cility VSC3 VSC4 G3 G4 G5 

con-
trol 
var-
iable
(p.u.) 

Ud Qc Ud Qc PG3 Ua PG4 Ua PG5 Ua 

1.9
91 

0.17
7 

1.98
5 

0.13
0 

0.51
5 

1.06
2 

0.58
0 

1.04
5 

0.5
59 

1.1
00 

 

TABLE IV 
RESULTS OF TRADITIONAL OPTIMIZA-

TION 
facil-

ity VSC3 VSC4 G3 G4 G5 

con-
trol 
var-
iable
(p.u.) 

Ud Qc Ud Qc PG3 Ua PG4 Ua PG5 Ua 

2.0
42 

0.1
99 

2.0
37 

0.1
55 

0.4
59 

1.0
87 

0.5
27 

1.0
68 

0.50
4 

1.10
0 

Traditional optimization uses predictive value of wind power output in an hour as the sys-
tem wind power input for power flow optimization. The model in Fig. 3 is simulated with tra-
ditional optimization method, control variables are shown in Table IV: 

Actual wind power output and forecast wind power output always have a certain deviation 
because of the uncertainty of wind speed. Random deviation within ±10% is added on the ba-
sis of wind power prediction sample in Fig. 4 to simulate the actual wind power output as 
shown in Fig. 5. Control quantity of robust optimization and traditional optimization are used 
to control power flow of model in Fig. 3 respectively, power control instructions of VSC1 and 
VSC2 are consistent with the actual wind power output.  

 
Fig. 5.  Simulated actual wind power output 

in the error of ±10% 

 
Fig. 6.  Comparison of objective 

optimization function results by robust and 
traditional optimization methods after 100 

times simulation 
Taking 100 times actual wind farm output as system input for simulation, comparison be-

tween the average objective function in an hour with robust optimization and traditional opti-
mization is shown as below: 

As you can see in Fig. 6, robust optimization result is superior to traditional optimization 
result, average objective function of 100 simulation with traditional optimization is about 
0.458, mean value with robust optimization is about 0.383, reduced 16.376% contrast to tradi-
tional optimization. 

B．Influence of uncertain scope of parameter on robust optimization 
The size parameter of the one hour wind speed forecasting uncertain interval set is in-

creased as D±=±15% and D±=±20% respectively. Uncertain wind power output model is es-
tablished on the basis of wind power output prediction in Fig. 4, power flow of system in Fig. 
3 is robust optimized separately. Robust decision results after increasing the size parameter of 
the wind speed uncertain interval set are shown in the Table V below: 
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TABLE V 

RESULTS OF POWER FLOW BY ROBUST 
DECISION WHEN  D±=±15% AND D±=±20% 

pa-
rame-

ter 

  control 
variable 
          
(p.u.) 

Object(p.u.) 

VSC3 VSC4 

Ud Qc Ud Qc 

D±=±1
5% 0.442 2.0

05 
0.1
83 

2.0
00 

0.1
37 

D±=±2
0% 0.488 2.0

19 
0.1
88 

2.0
14 

0.1
44 

 G3 G4 G5 
pa-

rame-
ter 

PG3 Ua PG4 Ua PG5 Ua 

D±=±1
5% 0.500 1.0

69 
0.5
67 

1.0
52 

0.5
44 

1.1
00 

D±=±2
0% 0.486 1.0

76 
0.5
53 

1.0
58 

0.5
30 

1.1
00 

 

 
Fig. 7.  Simulated actual wind power output 

in the error of ±15% and 20% 

 
Fig. 8.  Comparison of objective 

optimization function results when D±=±15% 
and D±=±20% 

It can be seen from table 5-4, increasing the size of the wind power uncertain interval set 
leads to the rise of system cost in the worst cases. This is due to fluctuation scope of uncertain 
wind power expands, new limiting cases of system objective function and constraint condi-
tions are created. 

 The actual wind power output as shown in Fig. 7 is simulated by increasing random devi-
ation within ±15% and ±20% on the basis of wind power prediction samples in Fig. 4: 

Using the robust decision results in Table V to control the corresponding interval set scale 
parameter system, comparison between objective function optimization results are shown in 
Fig. 8: 

In Fig. 8, when D±=±15%, average objective function value of uncertain wind power output 
system with traditional optimization in an hour is 0.475 p.u. , average with robust optimization 
is 0.413 p.u. , reduced by 13.053% contrast to conventional optimization; When D±=±20%, 
mean value of objective function with traditional optimization is 0.469 p.u. , average with ro-
bust optimization is 0.428 p.u. , reduced by 8.742% compared with conventional optimization. 
While the size of wind power uncertain interval set increases, system operation cost is also 
raised, which reduce the advantage of robust optimization in this paper over traditional opti-
mization. Therefore enhancing accuracy of wind power prediction, reducing uncertainty range 
of wind power output, is the foundation to improve economic operation of the system. 

7 Conclusion 
This article target on the VSC - MTDC AC/DC system, and a long-timescale based power 

flow robust optimization method is proposed, which considers the uncertainty of wind farm 
output. The cassette bounded uncertain set is used to present the uncertainty of wind power, 
and the robust optimization method improves the immunity of the system economic operation 
to uncertain wind power output. The optimization model is solved by the DE- PCPDIPM hy-
brid optimization algorithm, which provides VSC and AC scheduling with proper value of 
power flow control. Economy of the robust optimization proposed in this paper under the long 
time scales is verified through simulation studies in comparison to the traditional optimization 
technique. It is concluded that the increase in the scale parameter of uncertainty set will re-
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duce the economy level of robust decision-making significantly. 

Acknowledgement 
In this paper, the research was sponsored by the “National Natural Science Foundation of China” 

(61271001) and the “ Fundamental Research Funds for the Ministry of Education of Central Uni-
versities ” (14CX05039A). 

References 

[1] L. Y. Zhang, T. L. Ye, Y. Z. Xin, F. Han and G. F. Fan, “Problems and Measures of Power 
Grid Accommodating Large Scale Wind Power,” in Proceedings of the CSEE, 2010 30(25) 
1-9. 

[2] R. Ding, Q. Q. Li and Y. P. Zhang, “An Optimization Method for Active Power Flow in 
AC/VSC-HVDC Parallel Transmission Systems,” Power System Protection and Control, 
2014  42(11) 118-123. 

[3] J. J. Deng, A. Wen, C. Z. Wei, B. B. Xun, L. Tian and X. Deng, “A Robust Optimization 
Model considering Probability Distribution,” in Proceedings of the CSEE, 2008 10(9) 
70-83.  

[4] L. Z. Zhu, N. Chen and H. L. Han, “Key Problems and Solutions of Wind Power Ac-
commodation,” Automation of Electric Power Systems, 2011 35(22) 29-34.  

[5] J. Beerten, D. V. Hertem and R. Belmans, “VSC MTDC Systems with a Distributed DC 
Voltage Control- A Power Flow Approach,” 2011 IEEE Trondheim Power Tech, 2011 1-6.     

[6] S. Rodrigues and P. Bauer, “Optimal Power Flow Control of VSC-Based Multiterminal 
DC Network for Offshore Wind Integration in the North Sea,” IEEE Journal of emerging 
and selected topics in power electronics, 2013 260-268. 

[7] T. M. Haileselassie and K. Uhlen, “Precise Control of Power Flow in Multiterminal 
VSC-HVDCs Using DC Voltage Droop Control,” 2012 IEEE Power and Energy Society 
General Meeting, 2012 1-9.  

[8] H. M. Lin, T. Q. Liu and X. Y. Li, “Optimal Active Power Flow Considering Uncertain-
ties of Wind Power Output and Load,” Power System Technology, 2013 37(6) 1584-1589. 

[9] S. W. Mei, W. T. Guo, Y. Y. Wang, F. Liu and W. Wei, “A Game Model for Robust Opti-
mization of Power Systems and Its Application,” Proceedings of the CSEE, 2013 33(19) 
47-56. 

[10] Z. G. Li, W. C. Wu and B. M. Zhang, “A Robust Interval Economic Dispatch Method 
Accommodating Large-scale Wind Power Generation,” Automation of Electric Power 
Systems, 2014 38(21) 32-38. 

[11] R. J. Zhou, Z. Y. Liu, X. B. Min, X. M. Li, Z. Y. Peng and X. P. Liu, “A Review on Ap-
plication of Uncertainty Optimization Method in Power Systems,” Journal of Electric 
Power Science and Technology, 2014 29(2) 21-29. 

[12] X. F. Zhao, “Differential Evolution Algorithms for Constrained Optimization,” Xian 
Electronics Science and Technology University, 2012. 

[13] Z. J. Kang and S. W. Zi, “Research on the Reactive Power Optimization of Oil-Field 
Regional Distribution Network Based on Differential Evolution,” Transactions of China 
Electrotechnical Society, 2013 28(6) 226-231. 

[14] G. Q. Sun, B. Ren and Z. N. Wei, “Calculation of Available Transfer Capability Based 
on Improved Multiple-centrality-correction Interior Point Algorithm,” Automation of 
Electric Power Systems, 2014 38(16) 47-52. 

[15] Z. C. Qin, “Strategies of Power System Transient Stability Control Based on Interior 
Point Method Optimal Power Flow,” Hehai University, 2005.

 

112

Advances in Intelligent Systems Research (AISR), volume 150


	A． Cassette modeling of uncertain wind farm output 
	B． Robust optimal mathematical model of VSC-MTDC AC / DC uncertain system based on long time scale
	A． Solution of robust evaluation 
	B． Solution of robust decision
	A． Comparison between robust optimization and traditional optimization 
	B． Influence of uncertain scope of parameter on robust optimization



