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Abstract: Reverse power (RP) phenomenon in synchronous generators may lead to severe 

damage to the generator prime mover due to motoring action of the generator. The operation 

of the usual technique, which detects RP on the basis of current direction, is too slow because 

of utilization of intentional time delay in the relay structure. The deliberate time delay helps 

the relay to avoid tripping during unwanted disturbances. This paper proposes a novel 

angular-based scheme to detect RP in synchronous generators. For this aim, the proposed 

technique uses the load angle (δ ) and the phase difference between voltage and current (θ ), 

as the angular quantities of the generator. Furthermore, other electrical parameters of the 

generator such as current and voltage are also utilized as the supplementary parameters for RP 

detection. Ultimately, this contribution uses the analysis of vertical component of AE  

( AE Sin δ ) and also the tangential component of AI  on V  ( AI Cos θ ) in the generator phasor 

diagram for making the final decision. To verify the performance of the angular-based 

technique, extensive simulations are carried out on two sample systems (single machine and 

three machines infinite bus), under different conditions and the final results show the 

satisfactory performance of the proposed algorithm. 

 

Keywords: directional relay, internal voltage, load angle, prime mover, reverse power, 
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     Reverse power condition (RPC) occurs when the prime mover of a synchronous generator 

fails. Under this condition the generator starts to work the same as a synchronous motor and 

the prime mover (turbine or engine) acts like an active load for the motor. This phenomenon 

might lead to serious damage to the prime mover as impressive rise of steam temperature or 

turbine blade damage in steam and gas turbines and blade or runner cavitation in hydraulic 

turbines [1].
  

So, fast and reliable detection of RPC is essential in order to prevent severe damages to the 

generator prime mover. For this aim, reverse power relays (RPR) are widely utilized as the 

main protection of generators against RPC [2]. 

    Until today, there have been limited schemes for reverse power protection (RPP) [2-7]. 

Directional method is known as the most famous technique for RPP [3, 4]. Directional relays 

work on the basis of power flow direction. In fact the mentioned relays send the trip signal to 

the generator circuit breaker when the direction of power is from the network toward the 

generator. It is noteworthy that, directional relays employ an intentional time delay in order to 

prevent potential mal-operation of the relay during disturbances of the power network. This 

issue is considered as the main drawback of these relays due to increasing the motoring time 

of the generator which might lead to severe damage to the generator mover. Reference [2] 

analyzes the behavior of a group of generators in islanding mode. But the proposed method of 

this study has two problems. The first on refers to oscillations of active power after reverse 

power occurrence. In this condition the output power might return above the RP threshold and 

reset the timer of the RPR. Hence, in order to prevent mal-operation, the relay should not 

operate before reducing of power oscillations. On the other hand, the need to perform precise 

adjustment of the governor droop in order to compensate the initial loading of the generator is 

considered as the second problem of mentioned method. Another study [5] applies two novel 

logics for detection of RPC. The first one is time dependent and the second one is double 

threshold. The presented methods improve the performance of the conventional RPR, 

considering the influence of initial overshoot caused by steam turbine valve closure and the 

frequency of its oscillations. The delay element, used in the structure of this relay postpones 

its performance and is known as the main drawback of this study. Another contribution [6] 

discusses about finding the proper direction in directional active power, reactive power and 

current RPR, on the basis of power network phase rotation. The mentioned relays cannot 

remove the generator from the grid as quickly as expected. So, the potential damage to the 

prime mover is considered as the main concern in these relays. Reference [7] introduces a 
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new flux-based RPR on the basis of two key parameters including angular velocity and 

acceleration. These parameters are estimated from the generator air-gap flux. The action 

results of the flux-based RPR shows faster performance of this relay in comparison with 

conventional relay. But measuring and estimation of the air-gap flux is too hard and costly 

which needs extra equipment. As a result, this issue is considered as the main drawback of 

this method. Another study [8], which was presented by the authors, detects RPC, using some 

electrical parameters on the basis of differences in over and under excitation modes in lagging 

and leading operation of synchronous motors and generators. The mentioned method 

improved the operation time of the relay in comparison with directional and flux-based 

methods. But, the speed of operation and also the reliability and fault discrimination of this 

method can still be reinforced. It is noteworthy that, over the past years, all the investigations 

about RPP have been limited to [2-8]. On the other side, during the recent years various 

contributions have been presented for generator protection against possible faults such as loss 

of excitation (LOE) and out of step (OOS). The mentioned studies use various parameters of 

the generator such as active power (P) [9], impedance ( Z ) [10, 11], air-gap flux (φ ) and a 

combined benchmark of other parameters including load angle ( δ ), stator terminal voltage 

(V ) or current ( AI ) and reactive power for LOE detection [12-18]. Besides, OOS is 

considered as another important protection which can be detected by P and δ on the basis of 

equal area criteria [19-24]. So, the suitable operation of the aforementioned techniques in 

detection of various potential faults and also better performance of parameter-based RPR [8] 

in comparison with conventional directional methods in synchronous generators becomes the 

most significant motivation for the authors to present a new technique for generator RPP in 

order to enhance the accuracy and also improve the speed of the previous introduced schemes. 

    This investigation presents a novel angular-based predictive technique to detect RPC in 

synchronous generators. The approach applies the analyses of some electrical parameters of 

the generator including δ and the phase difference between voltage and current (θ ), as the 

angular quantities and V, AI , internal voltage ( AE ) and P as the supplementary quantities in 

the detection algorithm. Finally, the RPC is detected with the help of two criterions including 

the sign of vertical component of AE  ( AE Sin δ ) and also the tangential component of AI  on 

V  ( AI Cos θ ). As a matter of fact, this study presents an improved algorithm with almost 

identical parameters, higher speed of operation and better fault diagnosis in comparison with 

the parameter-based method [8] which was previously published by the authors. To 

demonstrate the satisfactory performance of the suggested scheme, the operation of the 

angular-based RPR has been evaluated in two power systems with various prime movers and 
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loads and compared with directional, flux-based and parameter-based techniques. According 

to the results, it can be concluded that, the proposed RPR shows the best performance, 

considering different prime movers, droop setting of governor and loadings. Besides, the 

mentioned results indicate that, the proposed method has the highest speed, accuracy and 

reliability to detect RPC, compared with other methods. 

     The organization of the rest of this investigation is as follows. Section 2 describes the 

construction and operation of the conventional (directional) RPR. The behavior of the 

generator electrical parameters under RPC are presented in section 3. The proposed technique 

is completely introduced and analyzed in section 4. In section 5 extensive simulations have 

been carried out to confirm the angular-based relay performance in different scenarios. 

Section 6 presents the comparative analysis as the final validation. Finally, this study is 

concluded in section 7. 

2. The construction and principle of operation of conventional reverse power 

protection 

The directional based scheme is the usual and most popular technique to detect the reverse 

power phenomenon. In accordance to Figure 1, the directional RP relay is constructed from a 

light non-magnetic aluminum disc between two soft laminated iron core, and is fixed on a 

spindle, running on low friction bearings. The upper iron core is wound with a voltage 

winding which is then supplied from one phase and an artificial neutral of the generator 

output. The other core has a current winding which is supplied by a current transformer 

connected to the same phase as the voltage in the other core. Since the voltage winding has a 

huge amount of inductance, so, the current leads the voltage by an approximate value of 90 

degrees. Accordingly, the magnetic field generated by the current winding leads the magnetic 

field generated by the voltage winding. The mentioned fields supply a motivation current in 

the relay disc. This current produces a mechanical torque which leads to rotation of the disc. 

In RPC, the disc rotates in the opposite direction and moves away from the stop and towards 

the trip contacts which leads to activation of the trip circuit. 

 

Please Insert Figure 1 Here 

 



5 
 

In other words, occurrence of RPC, leads to creation of a specified phase shift with the value 

of 180° in the stator current. The mentioned angle is known as the maximum torque angle 

(MTA). The vector diagram of voltage and current following RPC, considering the directional 

relay system is obviously depicted in Figure 2. Accordingly, the normal and RP flow of a 

synchronous machine can be diagnosed in accordance to the value of θ , (-90 < θ < 90 for 

normal condition and 90 < θ < 270 for RPC) [25].  

As a result, using directional relays with MTA value of 180° is helpful to detect the reverse 

current flow. In order to prevent the mal-operation of RPR during synchronization and also 

potential disturbances, a delay time is utilized in RPR. This time delay postpones the relay 

trip time for almost 5 to 7 s, following RPC. This issue is considered as the main drawback of 

the conventional electro-mechanical or digital RPR. Because, utilization of intentional time 

delay enhances the generator motoring time and also the mechanical stress to the prime 

mover. It is noteworthy that, the theory behind the performance of digital protection 

(numerical) relays is extremely the same as old conventional directional relays. On the other 

hand, digital relays still suffers from the deliberate delay time to in order to avoid potential 

mal-operation. So, presenting a novel fast and reliable RPD method seems to be really 

essential to overcome this problem. 

Please Insert Figure 2 Here 

 

3. Variations of electrical quantities during RPC 

As stated earlier, in RPC, the synchronous machine operation mode, changes from generating 

to motoring condition. This issue has important effects on the behavior of the generator 

electrical quantities such as voltages and angular values [26]. As indicated in [27], the per 

phase 𝑉𝜙 and AE  are interdependent in accordance to the following equations for generators 

and motors, respectively. 

  A A A S Agen
V E R I jX I


    (1) 

  A S A A Amot
V E jX I R I


    (2) 

Where A AR I  is the voltage drop arising from the stator winding resistance and S Aj  X I

represents the effect of both armature reaction and the voltage drop originating from the self-

inductance of the stator winding. It is worth highlighting that, the distinction of 𝑉𝜙 for 

generators and motors stems from the opposite flow of stator current in the equivalent circuit 
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of motors compared with generators. The equal per phase circuit for synchronous machines 

are illustrated in Figure 3. 

Please Insert Figure 3 Here 

 

On the other hand, the load or torque angle (𝛿 ) is considered as one of the most decisive 

angular parameters of synchronous machines which is obtained by subtracting the terminal 

voltage angle from internal voltage angle ( AE V  ) [27]. 

From another aspect, the load angle is also the angle between rotor magnetic field ( rB ) and 

stator magnetic field ( sB ). The condition of synchronism, is the simultaneous rotation of 

these two fields at the synchronous speed.  

In generating mode rB  leads sB  while in motoring mode rB  follows sB  (see Figure 4) [7]. 

Accordingly, in generating condition 𝛿 is positive while in motoring condition is negative. As 

a result, 𝛿 is expected to be negative following RPC. 

Another important angular parameter is the angle between the voltage and current (𝜃). The 

positive and negative values of 𝜃 indicate the lagging and leading operation of the machine, 

respectively. Figure 4 shows the phasor diagram of a synchronous machine in both motoring 

and generating modes of operation, considering the variations of all the explained parameters.  

 

Please Insert Figure 4 Here 

 

4. The proposed method 

4.1 Developing the idea 

This contribution uses the angular quantities (δ and θ ) as the main parameters for RPD. 

Furthermore, V  , AE , AI  and P are considered as the complimentary criterions for this aim. 

So, the variations of the aforementioned parameters should be analyzed for both normal 

condition and RPC. 

In order to calculate the internal voltage of the generator ( AE ), two methods are applied. The 

first one is on the basis of generator equations, mentioned in equations (1) and (2). Since all 

the parameters of the aforementioned equations, except AE  are specified, by measurements or 
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specification of the generator, so, the internal voltage can be calculated easily.  

 

On the other hand, the internal voltage can also be calculated by the following 

equation [27]. 

2A CE πN  f  (3) 

where 𝑁𝐶 refers to the generator construction, 𝜙 represents the flux and 𝑓 is the 

frequency of the generator. As a result, AE is directly dependent on the flux and speed 

of the machine. It is noteworthy that, the variation of flux is influenced by changes in 

the generator field current ( fI ) and the field current is also affected by the network 

behavior. The air-gap flux can be measured, based on Faraday’s law of induction by 

means of search coil sensors, locating a long the stator teeth [7, 15]. 

  Among the mentioned parameters, δ is hard to measure. So, Δ δ can be estimated, using a 

typical technique on the basis of swing equation for the specified generator, as follows [13, 

28]. 
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where, 0f , H , MP  and 𝑃𝐸 represent fundamental frequency, inertia constant, mechanical 

input power and electrical output power respectively. It is noteworthy that, 𝑃𝑀 is a constant 

value which is equal to 𝑃𝐸 in steady state condition.  

By integrating both sides of equation (4) over Δt , equation (5) is obtained. 
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The right side expression of equation (5) can be estimated by the trapezoidal relation as 

follows. 
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By inserting equation (6) in equation (5), the final relation will be as below 

ΔΔ

0 (2 )Δ Δ
Δ 

Δ Δ 2
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M E
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t
t t H

  
   

(7) 

Consequently, the variation load angle at each instant can be written as: 

Δ

Δ 20 (2 )
Δ Δ Δ 

2

t t t

t t t M E
π  f P P P

δ δ t
H



  
   

(8) 
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But Δ δ can also be approximated by another technique, as expressed in equation (9), where 

ω and 0ω  are the measured and synchronous speed of the generator, respectively [13]. 

However, this study applied equation (8) for estimation of Δ δ . 

 0Δ Δt tδ ω ω t   (9) 

As stated earlier, 𝑃 was introduced as another decisive quantity for RPD. Accordingly, the 3 

phase active power ( 3phP ) can be written as below [8, 29]. 

     2 (2 / ) ( / ) 2 (2 / )

3 4 5 6 7. . .sin 2 . .cos 4 2t τ t τ t τ

ph slip slipP t P P t e P t e πf t α P t e πf t α         (10) 

where 𝑃4, 𝑃5, 𝑃6, 𝑃7 and 𝛼 are constant values. 𝜏 is the damping time constant of the speed 

and 𝑓𝑠𝑙𝑖𝑝 represents the slip frequency that is related to rotor speed variations.   It is worth 

highlighting that, due to the greater value of 𝑓𝑠𝑙𝑖𝑝 in comparison with 2 slipf , the active power 

oscillates with only one frequency ( slipf ), following a RPF [8, 29]. The range of slipf  

variations is from 0.3 to 7 Hz [29]. Figure 5a, shows the variations of both 𝛿 and 𝑃3𝑝ℎ of a 

synchronous machine in reverse power condition. Accordingly, the mentioned values have the 

same behavior in different modes of operation of a synchronous machine. The oscillations of 

𝛿 in initial moments of the prime mover outage and finally damping of the mentioned 

oscillations in motoring mode express that, the synchronous generator retains its stability 

following a RPF (reverse power fault). Because, in unstable condition which may happen 

during an external fault or LOE condition, 𝛿 shows an absolute increasing behavior (see 

Figure 5b and c) [12, 13]. It is noteworthy that, the behavior of 𝛿 and 3phP  is summarized in 

Table 1. 

Please Insert Table 1 Here 

 

Please Insert Figure 5 Here 

 

This study uses three criterions as the initial prerequisites of RPD. The first one is based on 

the ratio of AE  to  V   or the variation of field current ( fI ), considering the sign of phase 

difference between voltage and current. In fact, this study improved the main criterion of 

reference [8] and use it as a sub-criterion of this study. Accordingly, in motoring mode the 

negative and positive values of 𝜃 show the over excitation ( Δ / Δ 0fI t  ) and under excitation 

action ( Δ / Δ 0fI t  ) of a motor, respectively. While the generator operation is completely in 
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the opposite way. This issue can be seen obviously in Fig. 6. Consequently, equation (11) can 

be considered as the first prerequisite of the proposed technique for RPD [27]. 
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(11) 

In addition to the sign of the phase difference between V and I or (θ ), the value of θ is also of 

prime importance. Because in motoring mode, the stator current shifts with the value of 180°. 

In other words, in motoring condition θ should be between 90° to 270°. (as mentioned in 

section 2). For this aim, applying a directional block in the proposed angular based relay is 

essential.  

Please Insert Figure 6 Here 

 

But, the second prerequisite of the proposed algorithm is based on the value of voltage. 

According to Figure 5, LOE and OOS faults lead to impressive voltage drop in the generator 

terminal while in RPC, 𝑉 shows the minimum of oscillation [7]. In other words, the value of 

𝑉 is always bigger than 0.95 p.u., following RPC. As a result, this criterion can also help the 

relay to discriminate RPF from external short circuit faults, LOE and unwanted power swings. 

But the third prerequisite for RPD refers to the variations of 𝑃 and 𝛿. As shown earlier in 

Figure 5, in initial moments of RPF inception, 𝑃 and 𝛿 have decreasing behavior. As a result, 

both ΔP and Δ δ will be negative, therefore their multiplication will be positive. So, the 

following relation can be considered as the complementary prerequisite of the proposed 

algorithm. 

Δ Δ 0P δ   (12) 

Finally the key utilized criterion for RPD in this contribution is on the basis of the sign of 

vertical component of AE  ( AE Sin δ ) and also the sign of tangential component of AI  on V 

(
AI Cos θ ). In accordance to Fig. 6, since 𝛿 is negative in motoring condition, therefore, 

AE Sin δ  becomes negative in this mode. In other words, 𝐸𝐴𝑆𝑖𝑛𝛿 is expected to be negative, 

following RPF. Whereas, in generating mode, 𝐸𝐴𝑆𝑖𝑛𝛿 is positive, since 𝛿 is positive in this 

condition. On the other hand, in motoring condition 𝜃 should be in second or third quarter (90 

< θ < 270), as expressed in section 2. Since Cos θ is negative in the mentioned range, 

consequently, AI Cos θ is expected to be negative under RPC. While this value is positive in 
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generating mode. Accordingly, the final proposed reverse power detection index (RPDI) of 

this study can be summarized as follows. 

0 0A ARPDI  E Sin δ     OR   I Cos θ    (13) 

 

4.2 Adjusting TRP 

As previously mentioned, both 𝑃 and 𝛿 have identical behavior following RPF. Consequently, 

The derivative of both 𝑃 and 𝛿 oscillate in in a unique range of frequency. This frequency 

( swf ) is in the range of 0.3 to 7 Hz, [29]. Accordingly, the period of /d  δ d  t  and /d  P d  t  are 

both between 0.142 and 3.33s. As a result, the longest expected period for /d  δ d  t  to become 

zero, takes 1/4 of the period ( / 4swT ) which is equal to 0.833s. Therefore, RPF can be 

diagnosed after at most 0.833s from the start of oscillations. By considering a secure margin 

of 8%, the final time interval ( RPT ) can be obtained according to equation (14). This time 

interval is equaled to 0.9 s and can be a suitable criterion for discriminating RPF with sub-

synchronous condition and also stable power swing (SPS). 

 1/ 08 1/ 4RP swT     T      (14) 

 

4.3 The flowchart of the proposed technique 

Figure 7 depicts the algorithm of the proposed technique. As shown, the current and voltage 

phasors of the machine are measured. Consequently, The value of θ , V and equation (11), as 

the initial prerequisites of RPD are checked. Then the value of P, AE and δ are obtained, 

considering the measured quantities and mentioned relations and the multiplication of both 𝑃 

and δ variations is evaluated as the complimentary prerequisite of the proposed method. 

Ultimately, the main index of the proposed scheme (RPDI) is analyzed for the predefined 

time. In order to guarantee the algorithm security during stable power swing (SPS) condition, 

RPDI is searched by the algorithm for a preset time interval ( RPT ) which is calculated 

equation (14). 

In fact, this algorithm presents an improved technique with almost identical parameters, lower 

fault detection time and better fault diagnosis in comparison with the parameter-based 

algorithm [8] which was previously published by the authors. The authors improved the main 

criterion of parameter-based method and utilized it as a sub-criterion and also added the 

voltage condition for the most secure fault discrimination between RPC with LOE, OOS and 
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SPS. The reverse power index (equation (13)) has also been added to the algorithm as the 

main and final decision index for a fast and reliable RPF detection. 

 

Please Insert Figure 7 Here 

 

5. Evaluating the performance of the proposed angular-based RPD technique 

The aim of this section is to evaluate the performance of the developed scheme. To this end, 

different extensive simulations have been carried out, considering various operating modes of 

a synchronous machine on two sample systems including a single-machine infinite bus 

(SMIB) system and a three-machine infinite bus (TMIB) system (see Figure 8) [13]. In this 

study, a real bank test of the SMIB and the TMIB power networks are utilized and the final 

simulation results which are evaluated in Matlab software are presented in Table 2-5. It is 

noteworthy that, all the generators are equipped with power system stabilizer (PSS) and 

excitation system and machine 2 of TMIB system is protected with the proposed angular-

based RPR. Complementary details about the decisive quantities of the simulated systems are 

given in appendix A and B (Tables A1, A2, B1 and B2) [7, 13, 21]. Besides, In order to 

present a better view of the simulation, a snap shot of one of the simulating conditions, 

implemented in the Matlab/ Simulink software, considering RPC in SMIB system with 

hydraulic turbine as the prime mover and under inductive loading has been shown in the 

appendix C (figure C1).  

 

Please Insert Figure 8 Here 

 

5.1 performance assessment on SMIB configuration 

This section conducts different extensive simulations in order to verify the correct operation 

of the proposed angular-based RPR on SMIB system, in four subsections, considering various 

potential conditions following a RPF as below. It is noteworthy that, the effect of the 

generator reactances have been considered in the loadings of the generator. 

 Heavy inductive loading (Mode 1); The prime mover: Steam Turbine and Hydraulic 

Turbine; Droop settings of governor (1.01, 1.03, 1.05). 



12 
 

 Light inductive loading (Mode 2); The prime mover: Steam Turbine and Hydraulic 

Turbine; Droop settings of governor (1.01, 1.03, 1.05).  

 Heavy capacitive loading (Mode 3); The prime mover: Steam Turbine and Hydraulic 

Turbine; Droop settings of governor (1.01, 1.03, 1.05).  

 Light capacitive loading (Mode 4); The prime mover: Steam Turbine and Hydraulic 

Turbine; Droop settings of governor (1.01, 1.03, 1.05).  

The final evaluation results of the proposed scheme on SMIB network are given in Table 2. It 

is noteworthy that, in order to show the variations of 𝛿 and 𝜃 in a unique figure and showing 

the complete oscillations of 𝛿, the wave forms of 𝛿 is shown by multiplying its value by 5 or 

10. 

 

5.1.1 Heavy inductive loading (Mode 1) 

Figure 9 shows the behavior of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine 

under heavy inductive loading (mode 1), utilizing two different turbines (hydraulic and steam) 

as the prime mover with droop setting of 1.01. This figure also depicts the issued trip signals 

of the proposed technique. The generator losses its mover in t=2 s. In the mentioned condition 

the angular-based relay issues the trip signal at 0.085 s for steam turbine and 0.19 s for 

hydraulic turbine. It is noteworthy that, the operation of the proposed relay for droop settings 

of 1.03 and 1.05 are also evaluated and the satisfying results are presented in Table 2. 

 

Please Insert Figure 9 Here 

 

5.1.2 Light inductive loading (Mode 2) 

Figure 10 shows the behavior of the generator same parameters, as depicted in figure 11, for 

light inductive loading, using both hydraulic and steam turbines as the prime mover with 

droop setting of 1.01. Accordingly, in mode 2 of operation, the suggested relay trips at 0.076 s 

for steam turbine and 0.15 s for hydraulic turbine. Based on the evaluation results, extracted 

from simulations of mode1 and 2, it can be obviously seen that, the trip times of the proposed 

RPR are slightly different for the applied prime movers. The reason of this phenomenon 

stems from the structural differences between steam and hydraulic turbines and governors. 
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Please Insert Figure 10 Here 

 

5.1.3 Heavy capacitive loading (Mode 3) 

In order to complete the assessment of the suggested scheme, the effect of capacitive loadings 

on angular-based relay are also evaluated for both steam and hydraulic turbines. Accordingly, 

figure 11 shows the behavior of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous generator 

for both steam and hydraulic turbines under heavy capacitive loading (mode 3). In this 

condition, the angular-based relay sends the trip command at 0.086 s for steam turbine and 

0.193 s for hydraulic turbine. It should be noticed that, the operation of the angular-based 

relay for two other droop settings of governor are also evaluated and the satisfying results are 

shown in Table 2. 

Please Insert Figure 11 Here 

5.1.4 Light capacitive loading (Mode 4) 

Figure 12 shows the behavior of the same parameters of the studied synchronous generator, as 

depicted in figure 11, for light capacitive loading, using both hydraulic and steam turbines as 

the prime mover with droop setting of 1.01. Accordingly, in mode 4, the relay trips at 0.084 s 

and 0.180 s for steam and hydraulic turbines, respectively. It noteworthy that, in all the 

simulated modes, the RPC occurs at t=2 s. According to the relay performance in mode 3 and 

4, it can be concluded that, due to structural differences between steam and hydraulic 

turbines, the trip times are slightly different for two prime movers in the mentioned modes 

which is not significant and is almost ignorable. (exactly the same as mode 1 and 2). 

 

Please Insert Figure 12 Here 

 

5.1.5 Final results 

The final simulation results of the studied generator under 4 different loadings and 3 different 

droop settings of governor for both steam and hydraulic turbines are summarized in Table 2. 

Accordingly, the load changes, have slight effect on the operation of the angular-based RPR. 

Because 𝑉𝜙, 𝐸𝐴 and the magnetic flux of the machine are controlled by the automatic voltage 

regulator (AVR), in different loadings. Furthermore, the simulation results demonstrate that, 

the action time of the angular-based relay is almost identical for all droop settings of the 
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prime mover. Because the governor droop setting is known as a mechanical quantity, whereas 

the angular-based RPR performs on the basis of electrical quantities. 

 

Please Insert Table 2 Here 

 

5.2 Performance assessment on TMIB configuration 

In order to demonstrate a deep analysis from the satisfactory performance of the suggested 

method, the stability and accuracy of the proposed angular-based RPR has also been verified 

in a TMIB network, as the final validation. In this system, generator 2 is protected by the 

proposed angular-based relay. The performance of the proposed relay has been simulated for 

both steam and hydraulic turbines, considering 3 different droop settings of the prime mover 

governor and various loading points including heavy and light inductive loading (mode 1 and 

2) and also heavy and light capacitive loading (mode 3 and 4). The final simulation results 

have been summarized in Table 3. Accordingly, the introduced RPD technique illustrated a 

fast, secure and reliable performance in all scenarios. Comparing the proposed method 

evaluation in SMIB with TMIB configuration shows a very small extension in trip time of the 

RPR in TMIB system. Nevertheless this time expansion is really negligible and has no 

influence on the satisfying performance of the angular-based relay. 

 

Please Insert Table 3 Here 

 

In order to complete the analysis of the angular-based relay performance in TMIB network, 

all the possible modes of the generator loading with a hydraulic turbine as the prime mover 

have been studied.  Accordingly, figure 13 shows the changes of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 

𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous generator and also the issued trip signal of the suggested relay for 

hydraulic turbine, under heavy inductive loading (mode 1) and also light inductive loading  

(mode 2). In mode 1, the angular-based relay trips at 0.241 s whereas in mode 2, the 

corresponding time is 0.212 s. 

On the other side, figure 14, also shows the variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿 and 

also the trip signal of the proposed relay for hydraulic turbine, under heavy capacitive loading 
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(mode 3) and also light capacitive loading  (mode 4). Accordingly, the trip signals have been 

sent by the angular-based relay at 0.245 s and 0.230 s for mode 3 and 4, respectively.  

 

Please Insert Figure 13 Here 

 

Please Insert Figure 14 Here 

 

It is noteworthy that, the behavior of the proposed protection technique has also been 

evaluated for steam turbine under heavy inductive loading (mode 1), as representative. Figure 

15 shows the behavior of the same parameters of the studied synchronous generator, as 

depicted in figure 13 and 14. Accordingly, the proposed RP relay sends the trip signal at 

0.122 s under heavy inductive loading while the generator is rotated by a steam turbine, which 

shows the fast performance of the relay. 

 

Please Insert Figure 15 Here 

 

6. Comparative analysis 

6.1 Comparison of different methods 

The aim of this section is to compare the performance of the angular-based relay with other 

existing schemes including directional
3
, flux-based [7] and parameter-based technique [8]. To 

this end, the relays trip times in RPC are compared together, for both steam and hydraulic 

turbines, considering mode 1 and 4 of loading and the results are summarized in Table 4. 

Accordingly, the performance of parameter-based method is faster and more reliable than 

both flux-based and directional techniques. For instance, in mode 1, the parameter-based, 

flux-based and the directional relay issue the trip signal at 0.385 s, 0.5 s and 7.98 s, after the 

RPF inception for hydraulic turbine, respectively. While the corresponding values are 0.15 s, 

0.17 s and 7.2 s for steam turbines. 

But the simulations of the suggested method in the sample networks demonstrate that, the 

angular-based relay has the fastest and also the most secure performance among all the 
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introduced methods. In mode 1, the angular- based relay sends the trip signal at 0.19 s for 

hydraulic and 0.085 s for steam turbine. Whereas, the corresponding trip time values are 0.18 

s and 0.084 s for mode 4. So, utilization of angular-based RPR can decrease the generator 

motoring time effectively which leads to decrement of mechanical stress and the risk of 

damage to the mover. 

Please Insert Table 4 Here 

 

6.2 Comparison of the proposed method for different sizes of generators 

Eventually, the operation of the angular-based RPR has been evaluated for various sizes of 

generators with two movers i.e. steam and hydraulic turbines, considering mode 1 and 4 of 

loading and the final results are presented in Table 5. Accordingly, the generator size has no 

important effect on the performance of the proposed scheme in all scenarios. 

Please Insert Table 5 Here 

 

7. Conclusion 

This contribution proposed a fast predictive technique to diagnose RPC based on, variations 

of angular parameters in synchronous generators. In fact, the authors introduce an improved 

method in comparison with the parameter-based method, with almost the same applied 

parameters, but with higher speed of operation and better fault discrimination. Extensive 

simulations have been conducted on two sample networks (SMIB and TMIB) which represent 

the angular-based relay independence from the generator size, loading and droop setting of 

governor. The obtained results also demonstrate the fastest and the most secure performance 

of the angular-based relay, compared with directional, flux-based and parameter-based 

techniques. Accordingly, for hydraulic turbines, the proposed method sends the trip signal at 

0.19 s and 0.18 s after RP inception for mode 1 and 4 respectively. While for steam turbines 

the corresponding values are 0.085 s and 0.084 s, respectively. Therefore, the fast 

performance of the angular-based RP method leads to effective decrement of the mechanical 

stress on the turbo compressor shaft as well as the potential risks to the prime mover. 

 List of symbols and abbreviations:  

List of symbols 
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V   Generator terminal voltage 

AI  Generator terminal current 

AE  Generator internal voltage 

AR  The stator winding resistance of the generator 

SX  Generator synchronous reactance 

δ  Load angle 

θ  Phase difference between voltage and current 

rB  Rotor magnetic field 

sB  Stator magnetic field 

Z  Impedance  

φ  Air-gap magnetic flux 

P  Active power 

MP  Mechanical input power 

H  Inertia constant 

0f  Fundamental frequency 

ω  Measured speed of the generator 

0ω  Synchronous speed of the generator 

slipf  Active power oscillation frequency 

fI  Field current 

V  The phase of voltage 

I  The phase of current 

swf  Swing frequency 

swT  Swing period 

RPT  Maximum time interval of the relay 

List of abbreviations 

RP Reverse power  

RPC Reverse power condition 

RPD Reverse power detection 

RPR Reverse power relay 

RPP Reverse power protection 

RPF Reverse power fault 
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LOE Loss of excitation 

OOS Out of step 

MTA Maximum torque angle 

SPS Stable power swing 

RPDI Reverse power detection index 

PFD Potential Fault Detection 

SMIB Single-machine infinite bus 

TMIB Three-machine infinite bus 

PSS Power system stabilizer 

AVR Automatic voltage regulator 
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Figure 1. Construction of the conventional RPR 
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Figure 5. The behavior of a synchronous generator following (a) RPC, (b) LOE, (c) External Fault 

Figure 6. The phasor diagram of a synchronous machine in various operating 

conditions 

Figure 7. The flowchart of the proposed method 

Figure 8. Configuration of SMIB and TMIB system  

Figure 9. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine and 

the trip signal of the proposed relay following a RPF, with (A) steam turbine, 

considering mode 1, (B) hydraulic turbine, considering mode 1 

Figure 10. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine 

and the trip signal of the proposed relay following a RPF, (A) steam turbine, 

considering mode 2, (B) hydraulic turbine, considering mode 2 

Figure 11. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine 

and the trip signal of the proposed relay following a RPF, with (A) steam turbine, 

considering mode 3, (B) hydraulic turbine, considering mode 3 

Figure 12. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine 

and the trip signal of the proposed relay following a RPF, with (A) steam turbine, 

considering mode 4, (B) hydraulic turbine, considering mode 4 

Figure 13. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine in 

a TMIB system and the trip signal of the proposed relay following a RPF, with (A) 

hydraulic turbine, considering mode 1, (B) hydraulic turbine, considering mode 2 

Figure 14. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine in 

a TMIB system and the trip signal of the proposed relay following a RPF, with (A) 

hydraulic turbine, considering mode 3, (B) hydraulic turbine, considering mode 4 

Figure 15. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine in 

a TMIB system and the trip signal of the proposed relay following a RPF, with a 

steam turbine, considering mode 1 

Figure C1. A view of SMIB simulated model in Matlab/Simulink 

 

Tables Captions: 

 

Table 1. The behavior of 𝛿 and 𝑃3𝑝ℎ in different operating condition of a synchronous 

machine 

Table 2. Angular-based relay operation in SMIB system 

Table 3. Angular-based relay operation in TMIB system 
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Table 4. Performance comparison of RPC detection schemes 

Table 5. Performance comparison of the suggested technique, considering different 

sizes of generators 

Table A1. Data for SMIB network [7, 13] 

Table A2. Data for TMIB network [7, 8] 

Table B1. Data for the utilized hydraulic and steam turbines [7, 8, 18] 

Table B2. Data for the utilized AVR and PSS [7, 8, 18] 
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Figure 1. Construction of the conventional RPR 
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Figure 2. Phasor diagram of current and voltage under RPC, considering the directional RPR 

system 

 

 

 
Figure 3. Per phase equivalent circuit of a synchronous machine 
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Figure 4. The V-I phasor diagram and also the field vector diagram of a synchronous machine 
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Figure 5. The behavior of a synchronous generator following (a) RPC, (b) LOE, (c) External 

Fault 
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Figure 6. The phasor diagram of a synchronous machine in various operating conditions 
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Figure 7. The flowchart of the proposed method 
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Figure 8. Configuration of SMIB and TMIB system [13] 

 

 

 

 
Figure 9. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine and the trip 

signal of the proposed relay following a RPF, with (A) steam turbine, considering mode 1, (B) 

hydraulic turbine, considering mode 1 
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Figure 10. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine and the trip 

signal of the proposed relay following a RPF, (A) steam turbine, considering mode 2, (B) 

hydraulic turbine, considering mode 2 

 

 

 

 

 
Figure 11. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine and the trip 

signal of the proposed relay following a RPF, with (A) steam turbine, considering mode 3, (B) 

hydraulic turbine, considering mode 3 
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Figure 12. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine and the trip 

signal of the proposed relay following a RPF, with (A) steam turbine, considering mode 4, (B) 

hydraulic turbine, considering mode 4 

 

 

 

(A) (B) 
Figure 13. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine in a TMIB 

system and the trip signal of the proposed relay following a RPF, with (A) hydraulic turbine, 

considering mode 1, (B) hydraulic turbine, considering mode 2 
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(A) (B) 
Figure 14. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine in a TMIB 

system and the trip signal of the proposed relay following a RPF, with (A) hydraulic turbine, 

considering mode 3, (B) hydraulic turbine, considering mode 4 

 

 

 

 

Figure 15. Variations of 𝑃, 𝑉, 𝜃, 𝛿, 𝐼𝐴𝑐𝑜𝑠𝜃 and 𝐸𝐴𝑠𝑖𝑛𝛿  of a synchronous machine in a TMIB 

system and the trip signal of the proposed relay following a RPF, with a steam turbine, considering 

mode 1  
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APPENDIX C 

 

Figure C1. A view of SMIB simulated model in Matlab/Simulink 

 

Tables: 

 

Table 1. The behavior of 𝛿 and 𝑃3𝑝ℎ in different operating condition of a synchronous machine 

Generating Mode Initial Moments of Prime Mover Failure Motoring Mode 

𝛿 > 0 Δ𝛿 Δ𝑡⁄ ≠ 0 𝛿 < 0 

𝑃3𝑝ℎ > 0  ∆𝑃3𝑝ℎ ∆𝑡 ≠ 0⁄  𝑃3𝑝ℎ < 0 

 

 

Table 2. Angular-based relay operation in SMIB system 

 

 

Mode 

 

Initial loading (p.u.)  Hydraulic Turbine Steam Turbine 

 

P 

 

Q 

Droop setting of governor Droop setting of governor 

1.05 1.03 1.01 1.05 1.03 1.01 

Detection time (s) Detection time (s) 

1 0.9 0.3 0.191 0.190 0.190 0.085 0.085 0.085 

2 0.1 0.2 0.150 0.150 0.150 0.077 0.077 0.076 

3 0.7 -0.5 0.194 0.193 0.193 0.086 0.086 0.086 

4 0.3 -0.2 0.181 0.181 0.180 0.085 0.085 0.084 
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Table 3. Angular-based relay operation in TMIB system 

 

 

Mode 

 

Initial loading (pu)  Hydraulic Turbine Steam Turbine 

 

P 

 

Q 

Droop setting of governor Droop setting of governor 

1.05 1.03 1.01 1.05 1.03 1.01 

Detection time (s) Detection time (s) 

1 0.9 0.3 0.242 0.242 0.241 0.124 0.124 0.122 

2 0.1 0.2 0.214 0.216 0.212 0.118 0.118 0.118 

3 0.7 -0.5 0.249 0.248 0.245 0.125 0.124 0.124 

4 0.3 -0.2 0.242 0.241 0.230 0.120 0.120 0.120 

 

 

 

Table 4. Performance comparison of RPC detection schemes 

 

 

Method of Protection 

Hydraulic Turbine Steam Turbine 

Droop= 1.01 p.u. Droop= 1.01 p.u. 

Loading Type (p.u.) Loading Type (p.u.) 

Mode 1 Mode 4 Mode 1 Mode 4 

Detection time (s) Detection time (s) 

Directional 7.98 7.96 7.2 7.16 

Flux-based 0.50 0.516 0.17 0.17 

Parameter-based 0.385 0.394 0.15 0.15 

Angular-based 0.190 0.180 0.085 0.084 

 

 

 

Table 5. Performance comparison of the suggested technique, considering different sizes of generators 

 

 

Generator Power (MVA) 

 

Hydraulic Turbine Steam Turbine 

Droop= 1.01 p.u. Droop= 1.01 p.u. 

Loading Type (p.u.) Loading Type (p.u.) 

Mode 1 Mode 4 Mode 1 Mode 4 

Detection time (s) Detection time (s) 

390 0.190 0.180 0.075 0.075 

555 0.223 0.211 0.084 0.083 

600 0.229 0.218 0.085 0.084 
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APPENDIX A 

Data of SMIB and TMIB networks 

Table A1. Data for SMIB network [7, 13] 

With steam turbine With hydraulic turbine 

S=600 MVA, f=60 Hz, V=22kv S=390 MVA, f=60 Hz, V=24kv 

𝑋𝑑=1.65 pu, 𝑋𝑑
′ (pu)=0.25 pu 𝑋𝑑=1.35 pu, 𝑋𝑑

′ (pu)=0.296 pu 

𝑋𝑑
′′=0.2 pu, 𝑋𝑞=1.59 pu 𝑋𝑑

′′=0.252 pu, 𝑋𝑞=0.474 pu 

𝑋𝑞
′ =0.46 pu, 𝑋𝑞

′′=0.2 pu 𝑋𝑞
′′=0.243 pu, 𝑋1=0.18 pu 

𝑋1=0.14 pu, 𝑇𝑑𝑜
′ =4.5 s 𝑇𝑑𝑜

′ =5 s, 𝑇𝑑0
′′ =0.1 s 

𝑇𝑑0
′′ =0.04 s, 𝑇𝑞𝑜

′ =0.67 s 𝑇𝑞𝑜
′′ =0.09 s, 𝑅𝑠=0.0028 pu 

𝑇𝑞𝑜
′′ =0.09 s, 𝑅𝑠=0.0045 pu  

Inertia constant (H)= 0.8788 s Inertia constant (H)= 5.5 s 

Transformer= j0.15 pu, Transmission Line= j0.5 pu 

 

 

 

Table A2. Data for TMIB network [7, 8] 

Generators 

G1: S= 80 MVA, V= 13.8 kv, H= 3.5 s 

G2: S= 390 MVA, V= 13.8 kv, H= 5.5 s 

G3: S= 500 MVA, V= 13.8 kv, H= 4 s 

Transmission lines 

L1: Z= 0.048+ j0.48 Ω, L2: Z= 0.00576+j 0.573 Ω 

L3: Z= 0.0288+0.288 Ω, L4: Z= 0.0576+j 0.576 Ω 

L5: Z= 0.0142+j 0.142 Ω, L6: Z= 0.00192+j 0.192 Ω 

L7: Z= j 0.0957 Ω 
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APPENDIX B 

Data of turbines, AVR and PSS 

Table B1. Data for the utilized hydraulic and steam turbines [7, 8, 18] 

Steam Turbine 
𝑇𝑠𝑟 𝑇𝑠𝑚 𝑘𝑝 𝐹2 𝐹3 𝐹4 𝐹5 𝑇2 𝑇3 𝑇4 𝑇5 𝑔𝑚𝑖𝑛 𝑉𝑔𝑚𝑖𝑛 𝑔𝑚𝑎𝑥 𝑉𝑔𝑚𝑎𝑥 

0.001 

s 

0.15 

s 

1 0.5 0.5 0 0 0s  10 s 3.3 

s 

0.5 s 0 pu -0.1 

pu/s 

4.496 

pu 

0.1 

pu/s 

Hydraulic Turbine 
𝑘𝑎 𝑇𝑎 𝑘𝑝 𝑘𝑖 𝑘𝑑 𝑇𝑑 𝛽 𝑇𝑤 𝑔𝑚𝑖𝑛 𝑉𝑔𝑚𝑖𝑛 𝑔𝑚𝑎𝑥 𝑉𝑔𝑚𝑎𝑥 

3.33 

pu 

0.07 

s 

1.163 0.105 0 0.01 

s 

0 2.67 

s 

0.01 

pu 

-0.1 

pu/s 

0.975 

pu 

0.1 

pu/s 

 

 

 

Table B2. Data for the utilized AVR and PSS [7, 8, 18] 

Alternative Voltage Regulator (AVR) 

𝑇𝑟 𝑘𝑎 𝑇𝑎 𝑘𝑓 𝑇𝑓 𝑘𝑒 𝑇𝑒 𝑉𝑓𝑚𝑎𝑥 𝑉𝑓𝑚𝑖𝑛 

0.02 s 300 pu 0.001 0.001 pu 0.1 s 1 pu 0 s 11.5 pu -11.5 pu 

Power System Stabilizer (PSS) 

𝑘𝑝 𝑇𝑤 𝑇1𝑛 𝑇1𝑑 𝑇2𝑛 𝑇2𝑑 𝑉𝑠𝑚𝑎𝑥 𝑉𝑠𝑚𝑖𝑛 

30 pu 10 s 0.05 s 0.02 s 3s 5.4 s 0.15 pu -0.15 pu 

 


