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Damping Torque Analysis for DC Bus Implemented Damping 

Control  

 

 

Abstract – Damping torque analysis is a well-developed technique for understanding and 

studying power system oscillations. This paper presents the applications of damping torque 

analysis for DC bus implemented damping control in power transmission networks in two 

examples. The first example is the investigation of damping effect of shunt voltage source 

converter (VSC) based flexible AC transmission systems (FACTS) voltage control, i.e. 

static synchronous compensator (STATCOM) voltage control. It is shown in the paper that 

STATCOM voltage control mainly contributes synchronous torque and hence has little 

effect on the damping of power system oscillations. The second example is the damping 

control implemented by a battery energy storage system (BESS) installed in a power 

system. Damping torque analysis reveals that when BESS damping control is realized by 

regulating exchange of active and reactive power between the BESS and power system, 

respectively, BESS damping control exhibits different properties. It is concluded by 

damping torque analysis that BESS damping control implemented by regulating active 

power is better with less interaction with BESS voltage control and more robust to 

variations of power system operating conditions. In the paper, all analytical conclusions 

obtained are demonstrated by simulation results of example power systems. 
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1. INTRODUCTION 

 

Since it was proposed, damping torque analysis has been widely used in the engineering 

practice in power system damping control to suppress low-frequency oscillations and 

improve power system stability [1]. Damping torque analysis is established on the Phillips-

Heffron model of single-machine infinite-bus power systems [2] and based on the concept 

of damping torque contribution to the rotor motion of synchronous generators and classical 

control theory. It was firstly proposed to study the damping affect of excitation control 

systems [3]. Later it was used to design Power System Stabilizer (PSS) [4] via the phase 

compensation method, a milestone indicating the full benefit of damping torque analysis 

applied in power system control. With clear physical background and engineering insight 

provided, damping torque analysis has been one of the most successful engineering 

techniques proposed so far in the field of power system control for the analysis and design 

of damping control systems implemented via excitation of synchronous generator, such as 

PSS. 

 

More recently, damping torque analysis has been used to investigate the damping effect of 

a newly appeared technology of Flexible AC Transmission Systems (FACTS) [5]. Detailed 

theoretical analysis by using the damping torque analysis is presented in [6][7] for the 

conventional thyristor-based FACTS devices such as SVC (Static Var Compensator) and 

TCSC (Thyristor Controlled Series Compensator). Many useful conclusions have been 



obtained that provide valuable guidelines for and insight into the FACTS applications to 

suppress power system oscillations. For example, one of them is about the SVC voltage 

control imposing no effect on the damping of power system oscillations. It is proved in [6] 

by using the damping torque analysis that SVC voltage control provides no damping torque. 

This analytical conclusion has confirmed previous findings from calculation and simulation 

of practical examples. However, when the damping torque analysis is applied to the new 

generation of VSC based FACTS devices, such as STATCOM (Static Synchronous 

Compensator)and UPFC (Unified Power Flow Controller), it has been found that the 

analysis becomes extremely difficult [8][9]. That is because the integration of DC bus of 

VSC FACTS devices has led to complicated mathematical expressions of damping torque 

contributions from VSC FACTS devices. No analytical conclusions can be drawn by 

simply observing those mathematical expressions instead of numerical calculation. 

 

With the recent active research and development in renewable generation, Energy Storage 

System (ESS) is being considered to be applied in power transmission systems to 

accommodate the intermittence of renewable generation. Commonly used ESS can be 

battery ESS, flywheel ESS, Supercapacitor and Superconducting Magnetic Energy Storage 

(SMES). It is expected that ESS will significantly assist the operation and control of power 

systems, including the improvement of power system stability [10]. In fact, theoretical 

research and laboratory experiment have demonstrated that SMES, as one of typical ESS 

applied in power systems, can effectively suppress power system oscillations [11]. Field 

application has also shown that battery ESS can provide damping to power system 

oscillations and enhance system stability [12].  



 

VSC based FACTS devices and ESS are set up on DC bus and connected to power 

transmission network via an interface of inverter. Damping control is superimposed on the 

normal control function implemented through regulating the modulation ratio and phase of 

the inverter, leading to exchange of active and reactive power of FACTS and ESS with the 

rest of a power system. Hence in this paper, damping torque analysis will be carried out for 

VSC based FACTS devices and ESS, which is represented by a DC bus in the AC 

transmission network. This representation significantly simplifies the damping torque 

analysis and makes theoretical analysis possible, as to be demonstrated by two practical 

examples in the paper.  The first example is the analysis of damping effect of STATCOM 

voltage control. It is proved in the paper that STATCOM voltage control only contributes 

synchronous torque and hence imposes no effect on the damping of power system 

oscillations. The second example is the investigation of damping control implemented by 

battery Energy Storage Systems (ESS). It is established in the paper that both the 

interaction between battery ESS damping and voltage control and the robustness of battery 

ESS damping control to the variations of power flow conditions is different when it is 

implemented via battery ESS active and reactive power regulation respectively. In the 

paper, all conclusions are demonstrated by simulation results of example power systems 

installed with a STATCOM and a battery ESS separately. 

2. POWER SYSTEM EMBEDDED WITH DC BUS 

 



A single-machine infinite-bus power system is shown by Figure 1, where a shunt-connected 

DC bus is at busbar s. CV  at the AC terminal of the inverter (VSC) is regulated by 

modulation ratio m and phase γ respectively. Hence at the power system level, regulation of 

magnitude and phase of CV  determines the exchange of reactive and active power between 

the DC bus and the power system respectively. 

 

 

Figure 1 A power system with a shunt-connected DC bus 

 

From Figure 1 it can be established that 
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For a single-machine infinite-bus power system without the DC bus as shown by Figure 2, 

voltage equation of the system is 

 

bttt VIjXV +=                         (3) 

 

and active power supplied by the generator is 
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where δ is the angle (load angle) between 'qE  and bV  and qtqdtd XXxXXx +=+= ΣΣ ,'' . 

 

 



Figure 2 A power system without DC bus 

 

 

Figure 3 Phillips-Heffron model 

 

Damping torque analysis of power system of Figure 2 is based on its linearized Phillips-

Heffron model as shown by Figure 3, where the electric torque contributed into the 

electromechanical oscillation loop is eTΔ . eTΔ  can be decomposed into synchronous torque 

δΔsC  and damping torque ωΔdC  as follows 

 

ωΔδΔΔΔ dste CCPT +==                     (5) 

 

Contribution of damping torque ωΔdC  determines the damping of power system 

oscillations [1]. 

 



Comparing Eq.(2) and (3) it can be seen that the power system embedded with DC bus of 

Figure 1 is electrically equivalent to the power system of Figure 2. Replacing  tX  and bV  in 

Eq.(4) by X and V respectively, it can be obtained that the active power delivered along the 

transmission line in the power system of Figure 1 is 
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where 'δ  is the angle between 'qE  and V  and qqdd XXxXXx +=+= ΣΣ ,'' . 
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Figure 4 Phasor diagram 

 

From phasor diagram of Figure 4 it can have 
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Hence from Eq.(6) and (7) it can obtained that 
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3. EXAMPLE 1 – STATCOM VOLTAGE CONTROL 

 

For the power system of Figure 1, when it is a STATCOM installed at busbar s, the DC 

voltage at the DC bus is supported by a capacitor C and [13] 

  

DCc mkVV =  (k is a constant dependent of the structure of inverter)      (9) 

 

STATCOM voltage control is implemented by controlling the modulation ratio m. There is 

no exchange of active power between the STATCOM and power system and hence 

modulation phase γ is kept constant. For the simplicity of analysis, it is assumed that 

STATCOM voltage control adopts a proportional control law, that is 
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From Eq.(5) it is known that the electric torque contributed by the STATCOM voltage 

control is 
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From Eq.(8) and (9) it can be obtained that 
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Linearization of Eq.(9) and (10) gives (PWM is used and hence DCV  is kept constant [13]) 
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Eq.(13) and (I3) in Appendix give 
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Hence from Eq.(11), (12) and (14) it can be obtained that the electric torque contributed by 

STATCOM voltage control is 
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From the point view of power system operation and control, voltage control implemented 

by SVC and STATCOM is same, though performance of STATCOM voltage control is 

better. In [14] and [15], from simulation results of practical examples, it was found that 

SVC voltage control has little influence on the damping of power system oscillations no 

matter how strong the voltage control is. This finding is proved mathematically in [16] by 

using damping torque analysis. In [7] the same phenomenon about the STATCOM voltage 

control imposing no effect on the damping of power system oscillations is reported from 

simulation results of practical examples. However, [7] does not provide a mathematical 

proof. Here from Eq.(5) and (15) it can be immediately concluded that STATCOM voltage 

control only provides synchronous torque and hence imposes no effect on the damping of 

power system oscillations. Thus the mathematical proof to the finding in [7] is provided. 

 



 

Figure 5 An example power system installed with a STATCOM 

 

An example power system with a STATCOM installed is shown by Figure 5. System 

parameters and initial operating condition are 

Transmission line: ..3.0.,.3.0.,.3.0 upXupXupX ssbts === ; 

Generator: .5'.,.0.,8.,.2.0'.,.4.0.,.8.0 0 sTupDsMupXupXupX ddqd ====== ; 

AVR: ..100.01.0 upKsT AA == ; STATCOM: ..0.1.,.0.1 upVupC DC ==  

Initial load condition: ..5.0.,.0.1.,.0.1.,.0.1 0000 upPupVupVupV tsbst ====  

 

Figure 6 shows the small-signal simulation results (1% increase of mechanical power input 

at 1.0 second of simulation for 100ms.) of the power system without STATCOM voltage 

control and with a PI voltage controller applied (with 10,1.0 == VIVP KK ). From Figure 6 it 

can be seen that STATCOM voltage control has little influence on the damping of power 

system oscillation as it is concluded from the above damping torque analysis. In the 

simulation presented in Figure 6, STATCOM voltage control adopts the realistic 



proportional and integral control law and detailed non-linear model of example power 

system is used. Hence simulation results confirm not only the analytical results but also the 

simplification used in the damping torque analysis.  
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(a) without STATCOM voltage control     (b) with STATCOM voltage control 

Figure 6 Simulation results of example power system of Figure 5 

 

4. EXAMPLE 2 – BATTERY ENERGY STORAGE SYSTEM 

 

A damping control function can be implemented by a battery ESS to improve damping of 

power system oscillations. Dynamic model of the battery ESS is shown by Figure 7 [13]. 

For the simplicity of analysis, the slow dynamics of function of active power and frequency 

regulation of battery ESS is ignored. It is assumed that the damping control adopts a 

proportional control law and the damping feedback signal is the rotor speed of the generator 

(If a locally available signal, such as the active power delivered along the transmission line, 

is used, it can always be represented as the linear combination of rotor angle and rotor 

speed. This will not change the discussion below). Damping control can be added on the 



voltage control function of battery ESS or implemented by controlling VSC modulation 

phase γ  directly as shown in Figure 7.  
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Figure 7 Dynamic model of battery ESS 

For the first case when damping control is added on voltage regulation, 

 

ωΔvdssrefpvpcc KVVKVV +−+= )(0                 (16) 

 

Linearization of above equation gives 
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Eq.(17) and (I3) in Appendix give 
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In Eq.(8) 
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From Eq.(18) and (19) it can be obtained that 
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Hence according to Eq.(5), damping torque contributed from the damping control of battery 

ESS is 
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For the second case when damping control is implemented via regulating γ,  

 

)(0 ssrefpvpcc VVKVV −+= ; ωΔγγ vdK+= 0              (21) 

 

Linearization of above equation gives 
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Eq.(22) and Eq.(I3) in Appendix give 
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In this case, electric torque contributed by damping control is 
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and from Eq.(5), (19), (23) and (24) the damping torque contributed by the damping control 

of battery ESS in this case can be obtained to be 
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By observing Eq.(20) and (25), it can be concluded that damping torque contribution from 

the damping control of battery ESS is different when it is implemented differently in the 

following two aspects 

 

(1) When the voltage control is strengthened with a higher gain value, pvpK , damping 

torque contribution decreases more when damping control is added on the function of 

voltage control than when it is implemented via regulating γ. This means there is stronger 

interaction between the voltage and damping control of battery ESS when damping control 

is added on the function of voltage control; 

(2) With the variation of load condition, i.e., )( 00 γδ − , damping torque contribution 

changes more when damping control is added on the voltage control function than when it 

is implemented via regulating γ. 

 

Two conclusions of damping torque analysis above can be further demonstrated by 

simulation results of an example power system with the same configuration of Figure 5, 

where STATCOM is replaced by a battery ESS. Figure 8 shows the simulation results when 



damping control is added on the function of voltage control of the battery ESS with 

different value of gain of voltage control. From Figure 8 it can be clearly seen that with the 

increase of voltage control strength, effectiveness of damping control of battery ESS 

decreases. However, when damping control is implemented directly by regulating γ, there is 

no such interaction between voltage and damping control of battery ESS, as shown by the 

simulation results presented in Figure 9. This confirms conclusion (1) above. 
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1=pvpK               3=pvpK  
Figure 8 Simulation results with damping control superimposed on voltage control 
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Figure 9 Simulation results with damping control implemented by regulating γ 
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..1.0 upPts =                ..9.0 upPts =  
Figure 10 Simulation results with damping control superimposed on the voltage control 

 

0 1 2 3 4 5 6 7 8 9 10
0.097

0.098

0.099

0.1

0.101

0.102

0.103

0.104

0.105

time (s)

P
t (

p.
u.

)

  
0 1 2 3 4 5 6 7 8 9 10

0.88

0.89

0.9

0.91

0.92

0.93

0.94

time (s)

P
t (

p.
u.

)

 

..1.0 upPts =                ..9.0 upPts =  
Figure 11 Simulation results with damping control implemented by regulating γ 

 

To see the variation of effectiveness of damping control with changes of system load 

conditions, Figure 10 and 11 gives simulation results when damping control is added on 

voltage control and implemented directly by regulating γ respectively at two different load 

conditions, .u.p1.0Pts = and .u.p9.0Pts =  From Figure 10 it can be seen that at a lower load 

condition, damping control is less effective when it is added on voltage control. However, 

from Figure 11 it can be seen that the effectiveness of damping control changes very little 



when it is implemented by regulating γ. This means that the robustness of damping control 

is better if it is implemented by regulating γ.   

 

Power system oscillations are variations of active power delivered along the transmission 

line. When damping control is added on the voltage control function of battery ESS, 

damping effect is achieved by regulating CV , resulting in the exchange of reactive power 

between the battery ESS and the rest of power system. This exchange of reactive power 

affects the flow of active power along the transmission line and ultimately functions to 

suppress the power oscillations. Hence the effectiveness of the damping control in this case 

is influenced by the capability of voltage control to regulate the exchange of reactive power 

between the battery ESS and power system, i.e., the strength of voltage control. 

Furthermore, it is determined by the extent of influence of exchange of reactive power on 

the variations of active power delivered along the transmission line, which is affected by 

system load conditions. However, when the damping control is implemented directly by 

regulating γ, it results in the exchange of active power between the battery ESS and the rest 

of power system. Damping control functions for the battery ESS to absorb or release active 

power with the variations of active power delivered along the transmission line. The 

capability of absorbing or releasing active power is only determined by damping control 

and is not affected by its voltage control and relationship between active and reactive power 

flow at all. Hence this is the case that no interaction between the voltage and damping 

control of battery ESS can be observed and effectiveness of damping control changes little 

with variations of system load conditions.  



5. CONCLUSIONS  

 

Major contributions of this paper are the applications of damping torque analysis to the 

damping control function implemented by regulating DC bus embedded in power 

transmission networks. Detailed analysis is carried out in two practical examples, 

STATCOM voltage control and battery ESS damping control. Damping torque analysis has 

led to the following conclusions  

 

(1) STATCOM voltage control only provides synchronizing torque to power systems and 

hence does not affect the damping of power system oscillations.  

 

(2) When battery ESS damping control is superimposed on its voltage control function, it 

interacts with the normal voltage control and its effectiveness varies with the changes of 

system load conditions. However, when damping control is implemented by regulating γ, 

resulting direct exchange of active power between the battery ESS and the rest of power 

system, it does not interact with voltage control and is of better robustness to the variations 

of system load conditions.  

 

All the conclusions obtained in the paper are demonstrated by simulation results of example 

power systems. 
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APPENDIX  

 

For the power system of Figure 2 we have [1] 

 



∑

=
q

b
tq X

V
I

δsin
;  

'
cos'

∑

−
=

d

bq
td X

VE
I

δ
;  qtqdtd XXxXXx +=+= ΣΣ ,''     (I1) 

 

Replacing tX  and bV  in Eq.(I1) by X and V respectively, the following can be obtained for 

the power system with embedded DC bus 
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From Figure 2 it can be established that ststst VIjXV += . Hence Eq.(I2) gives 
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That gives 
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Hence 
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