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Abstract 

This paper presents a method for continuously optimizing the turn-on and turn-off angles of a 
switched reluctance generator (SRG) operating in single-pulse mode and connected to an asymmetric 
bridge converter. The optimal angles are defined as those that minimize total SRG loss while ensuring 
accurate tracking of the terminal voltage reference. The Pearson correlation coefficient between SRG 
loss and selected SRG variables was calculated, with the highest correlation found for the average 
value of all phase currents. Therefore, the average phase current was selected as the variable to be 
minimized in a perturb-and-observe (P&O) method used to determine the optimal turn-on angle at 
a given operating point. The turn-off angle was calculated to maintain the terminal voltage at its 
reference value. The method was validated using both a conventional SRG simulation model and an 
advanced model that accounts for mutual coupling, iron losses, and remanent magnetism, and was 
further verified experimentally on an 8/6 SRG rated at 1.1 kW under various load conditions, terminal 
voltages, and rotor speeds. 

Keywords: switched reluctance generator; losses; efficiency; P&O method 
 

1. Introduction 

Switched reluctance generators (SRGs) have aĴracted significant aĴention in variable-speed 
energy conversion systems due to their simple and robust construction, lack of rotor windings and 
permanent magnets, high fault tolerance, and ability to operate over a wide speed range [1–3]. These 
features make SRGs suitable for applications such as wind energy conversion systems, hybrid and 
electric vehicles, and other variable-speed generation systems where reliability, low material cost, 
and operation under harsh conditions are important [4,5]. However, SRG control remains challenging 
because the electromagnetic energy conversion process depends strongly on rotor position and phase 
current, and the machine exhibits pronounced magnetic nonlinearity. 

When the generator operates above base speed, SRGs are typically controlled in single-pulse 
mode, where each phase is excited once per electrical cycle. In this regime, generator performance is 
primarily determined by the switching-angle pair, consisting of the turn-on and turn-off angle. These 
angles define the conduction interval of the phase current and directly affect generated power, phase-
current waveforms, terminal current, torque ripple, and total system losses [6–8]. As a result, 
determining appropriate switching angles has become a central issue in SRG control. 

One line of research addresses this problem using analytical or model-based approaches. A 
linear SRG model was used in [6] to determine the switching angles online in the single-pulse 
operating region, seĴing the turn-off angle for efficiency optimization and adjusting the turn-on angle 
to control generated power. In [7], analytical relations were derived for determining optimal turn-on 
and turn-off angles from flux-linkage characteristics and operating conditions to maximize energy-
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conversion efficiency while maintaining the desired dc-link voltage. More recently, the authors in [9] 
proposed a linear normalized model to analyze the influence of the turn-on angle on SRG 
performance and determine its optimal value using the energy conversion ratio and the peak-to-peak 
terminal voltage ripple. However, in that study, the terminal voltage is controlled at a fixed value of 
48 V, which restricts the analysis to a single electrical operating condition. 

Another important group of studies determines the switching angles using optimization-based 
approaches. In [10], an optimization framework was proposed based on the design of computational 
experiments and response surface modeling to maximize efficiency and minimize torque ripple in 
SRG-based wind energy systems. The authors in [5] also applied multiobjective optimization in the 
context of regenerative braking of electric vehicles, where the switching angles were obtained using 
a weighted objective function that combined generated power, torque smoothness, and current 
smoothness. In [11], switching-angle optimization in single-pulse operation was investigated by 
proposing two methods to determine the switching-angle pair required to produce a specified output 
power while minimizing either the phase RMS current or the terminal RMS current. Additionally, 
[12] analyzed the role of control objectives in SRG generating mode and showed that the resulting 
conduction angles depend on the selected optimization criterion. In a related direction, [13] 
investigated excitation control in single-pulse operation and analyzed the placement of the excitation 
interval within the inductance profile to improve generator efficiency while maintaining stable 
terminal voltage. This optimization-oriented approach was also presented in [4] with a control 
strategy for SRGs in wind energy systems capable of operating over a wide speed range. In that study, 
the analysis was performed for a constant DC-link voltage of 400 V, and the conventional SRG 
simulation model was used. The switching angles were determined by processing simulation results 
through minimization of a cost function. The variables included in the cost function are torque ripple, 
average phase current, and maximum flux linkage. A closely related paper [14] investigated SRG 
control using direct control of the average electromagnetic torque. In that approach, the switching 
angles are obtained from offline optimization results stored in look-up tables that provide a 
compromise between torque ripple reduction and efficiency improvement. Additionally, the authors 
used an artificial neural network to estimate the average electromagnetic torque required by the 
control algorithm. 

Another approach determines the switching angles indirectly using control strategies or 
estimation methods. In [15], a voltage-control strategy was proposed in which the DC bus voltage is 
controlled in an outer loop, while the average phase current is controlled in an inner loop, so the 
resulting switching angles are determined by the voltage and current control. An artificial neural 
network was used in [16] to estimate the switching angles from the reference output power and rotor 
speed, replacing explicit optimization with a trained nonlinear mapping. 

In addition to switching-angle determination, several studies have examined how converter 
operation and excitation strategies affect SRG performance. The authors in [17] analyzed the influence 
of freewheeling intervals on single-pulse operation and showed that the resulting current evolution 
depends not only on the commanded switching angles but also on the converter freewheeling paths. 
A comparison of single-pulse, current-chopping, and voltage-PWM operation in both motoring and 
generating modes was presented in [18], demonstrating that the selected operating mode 
significantly affects current waveforms and energy-conversion characteristics. 

To the best of the authors’ knowledge, only a very limited number of SRG studies have 
considered perturb-and-observe (P&O) or closely related perturbation-based optimization methods 
in connection with switching-angle control. The authors in [19] applied a perturb-and-observe 
strategy for maximum efficiency point tracking, where the turn-on angle was first selected and kept 
fixed, while the turn-off angle was subsequently perturbed to improve the generator efficiency. More 
recently, [20] proposed an extremum-seeking-based maximum power extraction strategy, in which 
the switching angles were parameterized in terms of the center and width of the conduction interval. 
Unlike these previous approaches, the method proposed in this paper does not couple the turn-on 
and turn-off angles through a prescribed algebraic relation. This provides greater freedom in 
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selecting the switching angles and enables a broader search for the minimum-loss operating 
condition. 

The accuracy of switching-angle determination is strongly affected by the fidelity of the adopted 
SRG model. The authors in [8] developed and experimentally verified a model of a single-pulse-
operated SRG that can be used to analyze generator dynamics in this operating region. This modeling 
approach, which uses a small-signal model, was later extended in [21]. More recently, an advanced 
SRG model incorporating mutual coupling, iron losses, and remanent magnetism was introduced in 
[22], enabling a more realistic representation of the generator’s electromagnetic behavior and loss 
mechanisms. 

Despite extensive literature on switching-angle determination in SRGs, many reported 
approaches rely on simplified machine models that neglect important physical effects such as mutual 
coupling, iron losses, and remanent magnetism. Consequently, the relationship between switching 
angles, phase currents, and total system losses may not be accurately represented, especially when 
the generator operates over a wide range. To address this, this paper investigates the efficiency 
characteristics of a switched reluctance generator operating in single-pulse mode using an advanced 
SRG model that includes mutual coupling, iron losses, and remanent magnetism. The analysis reveals 
a strong Pearson correlation between minimum total system losses and minimum average phase 
current. Based on this finding, the optimal operating point can be identified through the average 
phase current, which can be directly measured during generator operation. The proposed approach 
is evaluated using both a conventional SRG model and the advanced model described in [22], and is 
experimentally validated on an 8/6 SRG rated at 1.1 kW under different operating conditions and 
over a wide terminal voltage range from 150 V to 300 V. 

2. SRG Control 

The operation of an SRG requires a power electronic converter. The asymmetric bridge converter 
is the most commonly used topology. Figure 1 shows the converter in a four-phase SRG configuration 
together with the load resistance Rl and the capacitor C, which supplies the energy required for the 
magnetization of the phase windings. 

 
Figure 1. Equivalent circuit of the four-phase SRG connected to the asymmetric bridge converter and the load 
resistance. 

In this paper, each SRG phase and its converter operate in two stages: magnetization and 
demagnetization, as shown in Figure 2. Under these conditions, when the induced EMF exceeds the 
terminal voltage, the phase current continues to increase even after the magnetization interval. 
Magnetization begins at θon, when both transistors in the same converter leg are turned on, and ends 
at θoff, when they are turned off. During this interval, the terminal voltage is applied to the phase, and 
the phase current increases. After turn-off, the diodes in the same leg conduct the phase current while 
the phase inductance decreases. During this interval the phase current rise even after θoff, which can 
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lead to a large uncontrolled phase current peak. Figure 2 also shows the cross-section of the 8/6 SRG 
with the rotor at the aligned position (θa) and the unaligned position (θu). 

 
Figure 2. Magnetization and demagnetization of an SRG phase with SRG cross-section in aligned and unaligned 
positions. 

To avoid high phase current peaks, the SRG terminal voltage can be controlled as shown in 
Figure 3. As in [22], the terminal voltage is the controlled variable and the magnetization angle is the 
output of the PI controller this paper. However, the difference lies in the determination of θon. In the 
proposed approach, θon is obtained using a P&O method aimed at minimizing the sum of the SRG 
copper and iron losses based on the measured currents of all SRG phases, the terminal voltage, and 
the reference terminal voltage. 

 

Figure 3. SRG terminal voltage control system. 

The single-pulse controller shown in Figure 3 determines the switching instants of the transistors 
in the same converter leg. If the rotor position is between θon and θoff, the two transistors in the same 
leg are switched on; otherwise, they are switched off. The main purpose of the control system shown 
in Figure 3 is to minimize the SRG loss (i.e., maximize the SRG efficiency) while maintaining the 
desired terminal voltage. 
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3. Advanced Mathematical Model of the SRG 

A conventional SRG model does not provide accurate efficiency modeling, mainly because it 
neglects iron losses, which can account for up to 50% of the total loss. Therefore, this paper uses an 
advanced mathematical model of the SRG that includes iron losses, mutual inductances, and 
remanent magnetism. The advanced SRG model is described in detail in [22] and is briefly presented 
in this section.  

Figure 4 shows the equivalent circuit of one SRG phase, which forms the basis for the advanced 
SRG model. This model includes iron losses, the EMF due to mutual coupling em, the EMF due to 
remanent magnetism er, and the switching elements of the asymmetric bridge converter. Of the 
remaining elements in Figure 4, R represents the winding resistance, L the phase inductance, and RFe 
the iron-loss resistance. 

 

Figure 4. Advanced SRG equivalent circuit of one phase with switching elements of the asymmetric bridge 
converter 

The following equation applies to the phase current iph: 

FeLph kiii   (1)

where k denotes the switching state of the transistors. 
During magnetization, k = 1 and the transistors shown in Figure 4 are switched on, whereas 

during demagnetization, k = −1 and the transistors are switched off. The following equation applies 
to the equivalent circuit shown in Figure 4: 

mrph ee
dt
dRikv 
ψ  (2)

The flux-linkage, from (2), is  

)0()(
0

ψψ   dteeRikv mr

t

ph  (3)

Since the SRG operates in single-pulse mode, the flux-linkage at the time the transistors are 
switched on is 0 Wb, i.e. ψ(0) = 0 Wb.  

The DC excitation experiment was used to determine the current through the inductance and 
the current through the iron loss resistance for a given flux-linkage and position. The dependencies 
of the current iL and iFe on the position and the flux-linkage are shown in Figures 5 and 6. 
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Figure 5. Inductance current versus flux-linkage for different rotor positions. 

 

Figure 6. Iron loss resistance current versus flux-linkage for different rotor positions. 

Finally, the flux-linkage calculated using (3), together with the rotor position θ, is used to 
determine the inductance current iL and the current through the iron-loss resistance iFe, based on the 
data shown in Figures 5 and 6 and stored in look-up tables. 

Due to mutual coupling between the SRG phases, part of the flux-linkage of a neighboring phase 
is linked with the phase under consideration. In [22], it was shown that for mutual coupling 
modeling, it is sufficient to consider only the coupling between a given phase and the previously 
magnetized phase. The direction of the flux-linkage in each phase is important. The portion of the 
phase-2 flux-linkage coupled with phase 1 is opposite in direction to the flux-linkage of phase 1. The 
same applies to phase 3 with respect to phase 2 and to phase 4 with respect to phase 3. In contrast, 
the portion of the phase-4 flux-linkage coupled with phase 1 has the same direction as the flux-linkage 
of phase 1. The flux in a given phase caused by the jth phase current is therefore given by 

1ψ

432ψ

3

1









jMi

jMi

phjjj

phjjj

,

,,,

,

,
 (4)

where M is the mutual inductance between a certain phase and previously magnetized phase. 
The experimentally determined mutual inductance and its polynomial interpolation are shown 

in Figure 7. 
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Figure 7. Mutual inductance between a certain phase and previously magnetized phase. 

The equation of the polynomial describing the mutual inductance shown in Figure 7 is as 
follows: 

l

l
lmM θ




4

0

 (5)

where the polynomial coefficients are m0 = −1.65·10−2, m1 = 1.03·10−3, m2 = 5.67·10−5, m3 = −2.48·10−6, 
m4 = −9.16·10−8 determined using the Matlab Basic FiĴing Tool.  

By differentiating the flux linkages in (4) with respect to time and considering (5), the induced 
EMF caused by the jth phase is calculated as follows: 
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(6) 

 

In (6), the rotor position is given in degrees. Since the rotor speed ω is given in rad/s, the factor 
180/π appears in (6). 

During the periodic magnetization and demagnetization of the SRG phases, remanent 
magnetism remains in the SRG iron. This remanent magnetism produces the remanent flux ψr. Only 
half of the total remanence is associated with the rotor, and this component is responsible for the EMF 
induced by the remanent flux. As shown in [22] the remanent magnetism in the rotor of the jth phase 
of the SRG is calculated by the following equation: 

)θ)θsgn(.(ψ)θ(ψ , 10330  jmax,rjr  (7)

where j = 1,…,4, ψrmax,1 = –0.5ψrmax, ψrmax,2 = –0.5/3ψrmax, ψrmax,3 = 0.5/3ψrmax, ψrmax,4 = 0.5ψrmax. 
Considering (7), the induced EMF due to the remanent magnetism in the rotor for the jth phase 

of the SRG is calculated by the following equation: 

ω
π

))θsgn(.(ψθ
θ

)θ(ψ)θ(ψ ,,
0180

0330 jmax,r
jrjr

r dt
d

d
d

dt
d

e  (8)

Equation (8) applies to the rotor pole under consideration and to all other rotor poles. The EMFs 
calculated using (6) and (8) are then used to obtain the advanced equivalent circuit of the SRG. 
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The complete diagram of the advanced model of the jth phase of the SRG, which was realized in 
Matlab/Simulink, is shown in Figure 8. 

 

Figure 8. Diagram of the advanced model of the jth phase of SRG. 

The complete diagram of the advanced SRG model is obtained by superimposing the individual 
SRG phases, each shown in Figure 8.  

4. Efficiency Maximization of the SRG 

In single-pulse operation of an SRG, the turn-on and turn-off angles must be determined. Each 
steady-state operating point can be achieved with different turn-on and turn-off angles, and different 
combinations of these angles can produce the same desired value of the controlled SRG variable, 
allowing the selection of an optimal combination. In this paper, the controlled variable is the terminal 
voltage, which is controlled by varying the turn-off angle, as shown in Figure 3. The turn-on angle is 
adjusted using the P&O method to minimize SRG loss. Because this loss is difficult to measure 
accurately in real time, it is useful to identify an SRG variable that is strongly correlated with SRG 
loss and is relatively easy to measure. The SRG loss was determined as the difference between the 
measured input power and the output power dissipated in the load resistor Rl. The input power was 
obtained by subtracting the mechanical losses from the product of the measured mechanical torque 
and the rotor speed. In this way, the mechanical losses were not included in the SRG model itself; 
however, they were still taken into account. 

The following section describes the selection of predefined SRG variables (hereinafter referred 
to as candidate variables) that can be easily determined during machine operation and the evaluation 
of their correlation with the SRG loss. 

4.1. Correlation Between SRG Variables and Loss 

As discussed in Section 1, various approaches have been proposed for optimizing the turn-on 
and turn-off angles in the single-pulse operation of an SRG. In this paper, SRG variables sensitive to 
measurement noise, such as torque ripple and peak magnetic flux [10,13], as well as dc-link current 
ripple [23], are not considered. The candidate variables considered were the average value of the 
excitation penalty for all phases, ε, together with the average value, IphAV, and the RMS value, IphRMS, 
of all phase currents. To determine the correlation between the selected candidate variables and the 
SRG loss, a series of experiments was conducted on a laboratory prototype.  

Similar to [22], combinations of rotor speeds of 2000 rpm and 3000 rpm, terminal voltages of 150 
V, 200 V, 250 V, and 300 V, and load resistances of 110 Ω, 65 Ω, and 45 Ω were used. However, unlike 
in [22], the turn-on angle was manually varied from −15° to a maximum of 5° in steps of 2°. It should 
be emphasized that, for some steady-state operating points, it was neither possible nor necessary to 
maintain steady-state SRG operation at a turn-on angle of 5°, since a sufficiently high magnetic flux 
could not be established. In this way, a total of 166 steady-state SRG operating points were obtained. 
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The SRG loss was determined as the difference between the measured input power and the output 
power dissipated in the load resistor Rl. The measured points are marked by circles, while the ploĴed 
curves represent third-order polynomial interpolations shown for illustration only.  

Figure 9 shows ten of these steady-state operating points: SRG loss (a), average RMS value of all 
phase currents (b), average value of all phase currents (c), and average excitation penalty (d), all as 
functions of the turn-on angle at 3000 rpm, Vref = 300 V, and Rl = 110 Ω. 

  

(a) (b) 

  

(c) (d) 

Figure 9. SRG loss (a), average RMS value of all phase currents (b), average value of all phase currents (c), and 
average excitation penalty (d) as functions of the turn-on angle at 3000 rpm, Vref = 300 V, and Rl = 110 Ω. 

As shown in Figure 9, the minimum SRG loss were obtained at a turn-on angle of 1°, which also 
corresponds to the minimum of average excitation penalty. This minimum was achieved at the same 
turn-on angle, as shown in Figure 9(d). It is important to note that the SRG efficiency at a turn-on 
angle of 1° is 89.6%, whereas a turn-on angle of −15° results in an efficiency of 82.8%. 

However, this is not necessarily the case for other steady-state operating points. For example, 
Figure 10 shows seven steady-state operating points: SRG loss (a), average RMS value of all phase 
currents (b), average value of all phase currents (c), and average excitation penalty (d), all as functions 
of the turn-on angle at 2000 rpm, Vref = 150 V, and Rl = 45 Ω. As shown in Figure 10(a), the minimum 
SRG loss occurred at a turn-on angle of −7°, which also corresponds to the minimum average phase 
current in Figure 10(c). In this case, SRG efficiency at a turn-on angle of −7° is 80.5%, whereas a turn-
on angle of −15° results in an efficiency of 79%. 
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(a) (b) 

  

(c) (d) 

Figure 10. SRG loss (a), average RMS value of all phase currents (b), average value of all phase currents (c), and 
average excitation penalty (d) as functions of the turn-on angle at 2000 rpm, Vref = 150 V, and Rl = 45 Ω. 

The efficiency analysis of the SRG over all 166 steady-state operating points shows that a proper 
selection of the turn-on angle increases efficiency by 0.1% to 6.8% compared with a turn-on angle of 
−15°, with an average increase of 4.2%. The turn-on angle of −15° was chosen because it provides the 
highest magnetizing energy, allowing the largest number of steady-state operating points to be 
achieved without risk of demagnetization. 

Therefore, depending on the operating point, the minimum SRG loss is achieved near the 
minimum of different candidate variables. To determine which of the analyzed variables correlates 
best with the minimum SRG loss, the following Pearson correlation coefficient was used [24]: 

 
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,  (9)

where J(k) is the candidate variable used to track the total SRG loss at the kth steady-state operating 
point, J is the mean value of J, lossP is the mean value of Ploss, Ploss(k) is the total SRG loss at the kth 
steady-state operating point, and N is the total number of analyzed steady-state SRG operating 
points. 

The statistical significance of the Pearson correlation coefficients computed according to (9) was 
assessed using a two-tailed test. As the analysis included N = 166 steady-state operating points, the 
number of degrees of freedom was df = N−2 = 164. At the significance level α=0.05, the critical value 

of the Pearson correlation coefficient was critJPloss
r )( , = 0.152. Thus, correlations with ∣ JPloss

r , ∣ > 0.152 
were considered statistically significant at the 5% level. This criterion indicates whether the 
correlation is statistically different from zero, whereas the strength of the linear association with the 

total SRG loss was evaluated by the magnitude of JPloss
r , . 
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The experimental results show that IphAV and IphRMS are strongly correlated with the total SRG loss, 
yielding Pearson correlation coefficients of 0.90 and 0.84, respectively, whereas ε exhibits no 
statistically significant linear correlation, corresponding to a coefficient of −0.07. Simulations using 
the advanced SRG model were also performed for the same operating points and turn-on angles, and 
the corresponding Pearson correlation coefficients were calculated. The simulated correlation 
coefficients were 0.20 for the average excitation penalty, 0.98 for the average value of all phase 
currents, and 0.97 for the average RMS value of all phase currents.  

Therefore, both the experimental results and the advanced simulation model indicate that 
minimizing the average value of all phase currents leads toward the minimum-loss operating region 
of the SRG. Accordingly, this variable was selected to be minimized in the P&O method described in 
the following section. 

4.2. P&O Method for Minimizing the Average Value of All SRG Phase Currents 

The algorithm for maximizing the efficiency of the SRG-based system uses the P&O method, 
which is commonly used to determine the operating point at which a system delivers maximum 
power. This method has been successfully applied in wind energy conversion systems, photovoltaic 
systems, and similar applications [25]. 

The objective of this method is to find the turn-on angle that minimizes the average value of all 
phase currents, IphAV, for a given steady-state operating point. At the same time, the magnetizing angle 
(and thus the turn-off angle) is determined by the PI controller to maintain the terminal voltage at its 
reference value, as shown in Figure 3. The PI controller used to determine the magnetizing angle 
operates with a period of Ts1=50 µs, whereas the P&O method operates with a period of Ts=0.2 s. These 
periods were selected experimentally, taking into account the SRG dynamics and the available 
processing power of the DS1104 controller board. 

After each change in the turn-on angle introduced by the P&O method, a transient appears in 
the average value of all SRG phase currents, as shown in Figure 11(a). The turn-on angle variation is 
limited to ±0.5° to avoid system instability while ensuring a sufficiently fast transition to the SRG 
steady-state. Thus, the phase-current transient is considered seĴled within 0.15 s. The average value 
of all SRG phase currents is then calculated over the interval from 0.15 s to 0.2 s after the turn-on 
angle change. Figure 11(b) shows the sample counter n over the 0.2 s interval, with the spacing 
between successive samples equal to the sampling period of 50 µs. Accordingly, the sample counter 
ranges from 3001 to 4000 during the averaging interval, as shown in Figure 11(b). Figure 11(c) also 
shows the sample counter nAV corresponding to the updates of the average value of all SRG phase 
currents, which changes every 0.2 s, i.e., with the same period as the P&O method.  

The average value of all phase currents used in the P&O method is calculated as follows: 







AV

AV

n

nn

phphphph
AVphAV

nininini
nI

4000

300114000

4321

41000

1

)(

)()()()(
)(  (10)

For illustration, Figure 11(a) shows the average value of all SRG phase currents, marked in red, 
during the last 0.05 s of the period Ts, that is, when the sample counter nAV is equal to 1. 
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Figure 11. Average value of all SRG phase currents (a), sample counter over the 0.2 s interval (b), and sample 
counter of the average value of all SRG phase currents (c). 

Furthermore, the change in the average value of all SRG phase currents at the nAV instant, 
ΔIAV(nAV), is used as an input variable of the P&O method, whereas the change in the turn-on angle 
at the next instant, Δθon(nAV+1), is used to calculate the turn-on angle as the output variable of the 
P&O method. These quantities are calculated according to the following equations: 

)()()(Δ 1 AVphAVAVphAVAVphAV nInInI
 (11)

)(θ)(θ)(θΔ AVonAVonAVon nnn  11  (12)

Based on the change in the average value of all phase currents using (11), and the sign of the 
turn-on angle change, sgn(∆θon(nAV)), the magnitude and direction of the turn-on angle adjustment in 
the next step of the P&O method are determined. The equation used to determine the change in the 
turn-on angle in the next step is given by: 

))(θΔsgn()(Δ)(θΔ AVonAVAVpAVon nnIkn 1
 (13)

where kp denotes the proportionality coefficient and ∆θon(nAV)= θon(nAV)- θon(nAV-1). 
The proportionality coefficient kp in (13) ensures that changes in the average value of all phase 

currents and changes in the turn-on angle are comparable. A small value of kp (e.g., 10) results in a 
slow response of the turn-on angle variation, increasing the risk that the P&O method becomes 
trapped in a local minimum and ultimately fails to find the optimal turn-on angle. Conversely, a 
proportionality coefficient kp significantly greater than 100 causes the turn-on angle limit of ±0.5° to 
be activated too frequently. Therefore, kp was set to 100 in this paper. Even in this case, however, the 
method still reaches the global minimum, although with a somewhat longer seĴling time. 

Using (12) and (13), the turn-on angle in the next step of the P&O method is calculated according 
to the following equation: 
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)(θ))(θΔsgn()(Δ)(θ AVonAVonAVAVpAVon nnnIkn 1
 (14)

The variation of the average value of all SRG phase currents with the turn-on angle during the 
P&O method is shown in Figure 12. 

 

Figure 12. Average value of all SRG phase currents as a function of the turn-on angle during the P&O method. 

As shown in Figure 12, if the average value of all phase currents decreases when the turn-on 
angle is changed from θon(nAV−1) to θon(nAV), the turn-on angle is being varied in the correct direction, 
which should be retained in the next step, where the turn-on angle becomes θon(nAV+1). This correct 
direction is denoted in Figure 12 as the “searching direction.” Conversely, if the average value of all 
phase currents increases relative to the previous step, the turn-on angle in the next step should be 
changed in the opposite direction. Figure 13 shows the Matlab/Simulink model of the P&O method 
for average value of all SRG phase currents, with the reset function indicated by the magenta block.  

 

Figure 13. Matlab/Simulink model of the P&O method with the reset function. 

The P&O method is activated only when the SRG has reached steady-state, as verified by 
continuously monitoring the absolute difference between the terminal voltage v and its reference Vref. 
If this difference is less than 20 V, the SRG is considered to be in steady-state, and the continuous 
search for the optimal turn-on angle is enabled. Otherwise, the SRG is considered not to have reached 
steady-state, and the turn-on angle is kept at −15°. 

5. Simulation and Experimental Validation of Optimal SRG Switching Angles 

Figure 14(a) shows the experimental setup of the SRG control system used to evaluate the 
proposed P&O method, while Figure 14(b) shows a photograph of the setup. 
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(a) 

 
(b) 

Figure 14. Diagram of the experimental setup of the SRG control system (a) and the photograph of the 
experimental setup (b). 

The names and data of the main components of the experimental setup shown in Figure 14b are 
listed in Table 1. The parameters of the analyzed 8/6 SRG are provided in the Appendix. 

The PI controller and the sampling of the measured SRG variables operate at a frequency of 20 
kHz, while the P&O method operates at 5 Hz. The time-dependent variables presented in this section 
were stored in PC memory at 200 Hz to prevent task overruns. The PI controller parameters were 
determined by trial and error, with the integral gain Ki = 5 and the proportional gain Kp = 1. 
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Table 1. The main components of the experimental setup and their data. 

Row 
Number 

Name Data Manufacturer 

1 SRG 1.1 kW Končar 

2 
Asymmetric bridge 

converter  

IGBT RG4PH50UD 

Driver SKHI 22B 
International 

Rectifiers Semikron 

3 Hall effect transducers 
LA 55-P for currents   

LV 25-P for voltages 
LEM International 

4 Controller board DS1104 dSpace 

5 Connector panel CP1104 dSpace 

6 Incremental encoder XCC 1510PS50X Telemecanique 

7 Torque transducer TMB 308 Magtrol 

8 Torque display 3410 Magtrol 

9 DC motor 1.1 kW 
Winkelmann  

Elektromotoren 

10 Power converter for DC motor Sinamics DCM6RA813-6DV62-0AA0 Siemens 

11 Electrolytic capacitors 8800 µF PEH169VN444AM Evox Rifa 

To verify the validity of the proposed P&O method, a series of experiments was carried out 
under both steady-state and dynamic operating conditions of the SRG. The steady-state operating 
points were obtained by combining rotor speeds of 2000 rpm and 3000 rpm, terminal voltages of 150 
V, 200 V, 250 V, and 300 V, and load resistances of 110 Ω, 65 Ω, and 45 Ω. In this way, the SRG was 
tested over a wide power range, from 18.6% to 125.9% of the rated power. The dynamic transitions 
from one steady-state operating point to another within the aforementioned set of steady-state 
operating points are shown in Figures 15–18.  

Figure 15 shows the responses of the selected SRG variables resulting from a step change in load 
resistance from 110 Ω to 65 Ω at t = 18.6 s, with the SRG operating at 3000 rpm and a reference terminal 
voltage of 200 V. The measured variables are shown in red, the simulated variables obtained using 
the advanced SRG model are shown in black, and the variables obtained using the conventional 
simulation model are shown in blue. Figure 15(a) shows the terminal voltage, Figure 15(b) shows the 
average value of all SRG phase currents, Figure 15(c) shows the turn-on angle, and Figure 15(d) shows 
the magnetization angle of the SRG. The step change in load resistance causes the difference between 
the instantaneous terminal voltage and its reference value to exceed 20 V. Whenever this occurs, the 
P&O method sets the turn-on angle to −15°. In the time interval from 18.6 s to 26.9 s, the algorithm 
aĴempts three times to calculate a turn-on angle different from −15°, but fails each time because |v − 
Vref | > 20 V. Only after 26.9 s does |v − Vref| become less than 20 V, allowing the algorithm to calculate 
a new turn-on angle, whose average value at the newly established steady-state operating point is 
−7.1°. 

It is important to emphasize that the magnetization angle obtained experimentally shows 
noticeably beĴer agreement with the magnetization angle from the advanced simulation model, as 
shown in Figure 15(d). The conventional and advanced simulation models deviate by approximately 
the same amount from the experimentally obtained variables shown in Figures 15(a)–15(c). Notably, 
neither simulation model yields ∣v − Vref ∣ > 20 V during this transient, because the experimentally 
obtained phase currents do not fully match those from the advanced simulation model, and especially 
not those from the conventional simulation model. These differences are discussed in more detail in 
[22] and are not the focus of this paper. 
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(a) (b) 

  

(c) (d) 

Figure 15. Dynamic response of the control system to a step change in load at 18.6 s from Rl = 110 Ω to Rl = 65 Ω 
at Vref = 200 V and a rotor speed of 3000 rpm, showing terminal voltage (a), average phase current (b), turn-on 
angle (c), and magnetizing angle (d); red—experimental results, black—advanced SRG model, blue—
conventional SRG model. 

Figure 16 shows the dynamic response of the control system to a ramp change in rotor speed 
from 2000 rpm to 3000 rpm starting at 15.2 s, with Vref = 150 V and Rl = 45 Ω. Figure 16(a) shows the 
turn-on angle, while Figure 16(b) shows the magnetization angle. The rotor speed is varied linearly 
over 2.5 s to prevent |v − Vref | from exceeding 20 V, thereby shortening the transient without affecting 
the optimal turn-on angles. This rotor speed variation is defined in the DC motor power converter 
seĴings. After the rotor speed change, the P&O method rapidly determines the optimal turn-on angle 
and the corresponding magnetization angle. Up to 15.2 s, the experimentally obtained turn-on angle 
agrees more closely with the result of the advanced simulation model than with that of the 
conventional simulation model, whereas after 15.2 s, the opposite is observed. In contrast, throughout 
the entire experiment, the experimentally obtained magnetization angle agrees more closely with the 
result of the advanced simulation model than with that of the conventional model. 

  

(a) (b) 

Figure 16. Dynamic response of the control system to a ramp change in rotor speed from 2000 rpm to 3000 rpm 
at 15.2 s at Vref = 150 V and load Rl = 45 Ω, turn-on angle (a), and magnetizing angle (b); red—experimental results, 
black—advanced SRG model, blue—conventional SRG model. 

For the dynamic operating condition shown in Figure 16, the waveforms of the terminal voltage 
and the average value of all SRG phase currents are not shown, as the experimental results closely 
match the results obtained from both simulation models. The terminal voltage ripple is less than 1.5%, 
while the average value of all phase currents is approximately 1.5 A before the transient (15.2 s) and 
1.4 A after it ends. These values also represent the minimum average phase currents achieved at 2000 
rpm and 3000 rpm, respectively. 

Figure 17 shows the dynamic response of the control system to a ramp change in rotor speed 
from 3000 rpm to 2000 rpm, starting at 24.4 s, with Vref = 150 V and Rl = 65 Ω. As in the dynamic 
response shown in the previous figure, the rotor speed varies linearly over 2.5 s. The waveforms of 
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the terminal voltage and the average value of all SRG phase currents are not shown for the same 
reason stated for the dynamic response described in Figure 16. In this case, the measured average 
value of all phase currents changes from 1.01 A at the steady-state operating point before the transient 
to 1.07 A at the steady-state operating point after the transient. 

  

(a) (b) 

Figure 17. Dynamic response of the control system to a ramp change in rotor speed from 3000 rpm to 2000 rpm 
at 24.4 s at Vref = 150 V and load Rl = 65 Ω, turn-on angle (a), and magnetizing angle (b); red—experimental results, 
black—advanced SRG model, blue—conventional SRG model. 

Note that the experimentally obtained waveforms of the turn-on angle (Figure 17(a)) and the 
magnetization angle (Figure 17(b)) agree more closely with the waveforms obtained using the 
advanced SRG simulation model than with those obtained using the conventional simulation model. 

Finally, Figure 18 shows the dynamic response of the control system to a ramp change in Vref 
from 300 V to 150 V, starting at 20.2 s, with 3000 rpm and Rl = 65 Ω. The rate of change of Vref was set 
to 15 V/s to prevent activation of the P&O reset. The system would also operate with a step change 
in Vref, but the transient would last longer. In this dynamic response, the experimentally obtained 
terminal voltage v closely follows the terminal voltage obtained from both simulation models, with 
low ripple, and is therefore not shown. In this case, the average value of all phase currents changes 
in steady-state from 1.94 A to 1 A, representing the minimum average values of all phase currents 
achieved by the P&O method. 

  

(a) (b) 

Figure 18. Dynamic response of the control system to a ramp change in Vref from 300 V to 150 V at 20.2 s at 3000 
rpm and load Rl = 65 Ω, turn-on angle (a), and magnetizing angle (b); red—experimental results, black—
advanced SRG model, blue—conventional SRG model. 

6. Conclusions 

This paper presents a method for continuous optimization of the turn-on and turn-off angles of 
a switched reluctance generator operating in single-pulse mode and supplied by an asymmetric 
bridge converter. In the proposed approach, the turn-on angle is optimized using the P&O method, 
while the turn-off angle is determined through terminal voltage control. The objective of the method 
is to minimize total SRG loss while maintaining the terminal voltage at its reference value. 

To identify a suitable variable for real-time optimization, the correlation between SRG loss and 
several candidate variables was analyzed across 166 steady-state operating points. Both the 
experimental results and the advanced simulation model showed that the average value of all phase 
currents had the highest correlation with SRG loss, compared to the RMS value of the phase currents 
and the average excitation penalty. Based on this result, the average value of all phase currents was 
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selected as the variable to be minimized by the proposed P&O method. In this way, an average 
efficiency increase of 4.2% was achieved compared with a turn-on angle of −15°. 

The proposed method was validated by simulations and experiments on an 8/6 SRG rated at 1.1 
kW over a wide range of rotor speeds, terminal voltages, and load conditions. The results confirmed 
that the method is capable of tracking the operating point corresponding to minimum SRG loss in 
both steady-state and dynamic operating conditions. In addition, the advanced SRG model showed 
beĴer agreement with the experimental results than the conventional model, particularly in the 
prediction of the magnetization angle, owing to the inclusion of mutual coupling, iron losses, and 
remanent magnetism. 

Overall, the obtained results demonstrate that the proposed method provides a simple and 
practical way to improve the efficiency of SRG-based systems using a variable that is easy to measure 
and suitable for real-time implementation. 
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Appendix 

Number of phase windings: 4 
Number of stator poles: 8 
Number of rotor poles: 6 
Rated power: 1.1 kW 
Rated current: 6 A 
Base speed: 1400 rpm 
Outer stator diameter: 135 mm 
Inner stator diameter: 80 mm 
Rotor diameter: 79.5 mm 
Stator stack length: 300 mm 
Stator pole arc: 22° 
Rotor pole arc: 24° 
Number of turns per phase: 300 
Phase resistance (at 20°C): 2.89 Ω 
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