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Abstract

The main goal of this paper is to answer the question whether a fuzzy PI control can provide
better performance than a conventional PI/PID control in the case of a wind energy conversion
system with a Doubly-Fed Induction Generator (DFIG) connected to a power system. The paper
emphasizes the main advantage of fuzzy PI controllers: their ability to produce a non-zero control
increment even when the output error is zero, but its derivative is not, proving a better performance
than a conventional PI/PID solution for the control of high-order and strongly oscillating processes
(with an error repeatedly crossing zero). This remark, according to the authors’ knowledge, has
not been encountered in the specialized literature, being valid also for the fuzzy control of other
strongly oscillating processes. To prove the above, the research presents a comparative study on
the excitation control of a DFIG, using fuzzy PI controllers, respectively conventional PI/PID
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controllers. The goal of the control system is to keep constant the generator terminal voltage
under some external disturbances action such as variations of the mechanical torque (due to wind
speed changes on the wind turbine) and electrical load /unload (by connecting/disconnecting local
consumers). Based on comparative analysis of type-1 and type-2 fuzzy PI control systems, it was
concluded that, for the considered process (DFIG), type-2 fuzzy controller does not significantly
improve the control performance. Therefore, the type-2 fuzzy controller is not justified, being
even more complex and difficult to tune. The comparative study carried out between the fuzzy PI
control solution (type-1) and the classical solutions using PI/PID controllers shows that the fuzzy
strategy provides superior performance (smaller settling-time, shorter duration oscillations), both
in case of a slow mechanical disturbance (mechanical torque variation), as well as for fast electrical
disturbances (load/unload). It should also be highlighted that the DFIG is modelled as a nonlinear
system of the 7th order (using Park’s classical d-q equations) ensuring an increased accuracy for
the obtained results in the context of fast transient regimes specific to the considered electrical
process.

Keywords: Fuzzy PI controller, doubly fed induction generator, conventional PI/PID control
system, wind energy conversion system.

1 Introduction

Although fuzzy logic is no longer a novelty, the interest shown in it, both in the scientific and
engineering areas, is still of relevance, as evidenced by both the large number of articles and sci-
entific journals in the field, as well as the domestic and industrial applications where they are used
[5][21][22][24]. Fuzzy logic lends itself to the modeling or control of complex processes that are difficult
to model analytically or are described by high-order nonlinear models, for which the tuning of control
system becomes more difficult.

Based on human experience, fuzzy control systems use fuzzy logic, a type of non-classical logic
that allows handling uncertainty and imprecision, in order to perform decisions and control complex
systems. Instead of relying on strict and precise values, fuzzy logic works with degrees of truth,
providing more flexible and adaptive control compared to traditional control systems. This type
of control strategies is used in various fields, from consumer electronics to control engineering and
automation. One of the fields in which fuzzy control can be found is that of wind energy conversion
systems (WECS), in the current paper a wind energy conversion system (WECS) based on doubly fed
induction generator (DFIG) is analyzed. This type of induction generator is an important component
in wind energy conversion systems, being used both for supplying electricity to the national grid and
in various standalone applications, such as remote microgrids.

For a DFIG, as a complex and nonlinear process with strongly transient operating regimes, the
control based on fuzzy logic presents a significant interest among researchers [9][19][23][25][26][32]. A
significant advantage of DFIG is its ability to operate at variable speeds, unlike conventional gener-
ators that perform well usually at constant speeds. This feature is essential in the case of WECS,
considering the random nature of wind energy (due to wind speed variation), and the fact that it can
operate efficiently at both lower and higher speeds than the nominal one significantly improves the
performances of the system [2][3][25][30].

Due to the widespread usage of variable speed type WECS based on DFIG, obviously several
control strategies are presented in technical literature, ranging from classical PI/PID controllers to
direct torque control, maximum power point tracking control, field-oriented control, fuzzy logic control
etc [4][7][8][10][17].

Depending on the controlled output as well (voltage, power), this very wide range of control
techniques (simpler or more complex, each of them having advantages and disadvantages) can offer
better performances (compared to each other) depending on the process operating regimes. The big
issue raised by some of these complex control systems (using, for example, adaptive control techniques
[4][7][8][14][17], optimization techniques [11][12][20]), although they ensure better control performances
(quantifiable through control quality indicators such as overshoot, settling-time etc.), is the assurance
of the control system robustness [6][27].

In the context of the previously mentioned, the conventional PI/PID control, although it may
sometimes offer weaker performances (but still comparable to those of more complex control systems),
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ensures a much higher degree of robustness for the controlled system [1][31]. The current research
analyzes the case where the use of fuzzy logic together with a dynamic PI component could provide
better performance than a conventional solution based only on PI/PID controllers, while also benefiting
from the robustness advantage offered by the classic PI controller integrated in the control strategy. In
essence, the research carried out presents the design and implementation of a fuzzy PI control system
for controlling the excitation of a DFIG, whose performances are compared with those of a simple
conventional PI/PID control system.

2 Design of the fuzzy PI control system for DFIG excitation control

The Figure 1 shows the fuzzy PI control structure for a doubly-fed induction generator (DFIG)
integrated into a wind energy conversion system and connected to an infinite power grid. Also, local
electrical consumers are connected to the generator terminals, whose connection or disconnection can
lead to various load/unload regimes. These electrical consumers connections/disconnections, together
with the variation of the mechanical torque (as a result of the wind speed variation acting on the
turbine) are the external disturbances that affect the behavior of the controlled process. The goal of
the control system is to reject the effect of these disturbances in order to maintain a constant voltage
at the generator terminals by controlling the excitation voltage (basically, maintaining a constant
supply voltage for local consumers).
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Figure 1: Fuzzy PI control system

Compared to a conventional control structure based on a PI/PID controller (whose input signal
is the controlled output error that is canceled), in a fuzzy PI control system, a fuzzy inference block
is placed before the PI controller, its inputs being error, respectively the derivative of the error - see
Figure 1. In this article, both type 1 and type 2 fuzzy control systems were analyzed. Using the
scaling factors c. and cg, the two input variables (E, dE) are normalized in the range [-1,1]. The
design of the inference structure requires the choice of the type of fuzzy membership functions (from
a wide range with various shapes: triangular, trapezoidal, singleton-type, Sigmoid-type, etc.). In the
current research, triangular membership functions were chosen for the fuzzification of the two input
variables (see Figure 2a and Figure 2b for the case of a type-1 fuzzy controller, respectively Figure
3a and Figure 3b for type-2). It can be seen that a number of 5 membership functions were chosen
for each of the two input variables. The fuzzy rules (5x5 rules) for this set membership functions
are presented in Table 1 (for a Mamdani fuzzy inference system). It should be mentioned that fuzzy
structures with a larger number of membership functions (7x7 rules) were also tested in this research,
but the performances were not substantially improved [29].

The output of the inference block (defuzzification output U - see Figure 1) is also normalized in
(range [-1,1]), as can be seen in Figure 2c¢ (for type 1) and Figure 3c (for type 2) representing the
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Table 1: The fuzzy rules set
Error (E)

NB NM Z PM PB

. NB | NB NB NB NM Z
- NM | NB NB NM Z PM
error(dE) Z | NB NM Z PM PB
PM | NM Z PM PB PB

PB | Z PM PB PB PB

control surfaces. In simple terms, the difference between type 1 and type 2 is that type 1 works with
a fixed membership function, while type 2 fuzzy systems use fluctuating membership function (see
the footprint of uncertainty - FOU in Figure 3a and Figure 3b). Obviously, type 2 fuzzy systems are
more complex and harder to tune. In some cases, their use does not lead to better performances,
but in other cases they are able to ensure better performances, capturing more accurately the plant

non-linearities. Regardless of the type of fuzzy system (type 1 or 2), the PI (or PID) controller plays
a special role in the fuzzy control system dynamics, eliminating the controlled output error

(a) Error (scaled)

(b) Derivative of error (scaled)
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Figure 3: Fuzzy type 2 (membership functions and control surface)

As already mentioned, the driven process is Doubly-Fed Induction Generator (DFIG) integrated
in a wind energy conversion system and connected to a power system. For the performed simulations,

a nonlinear model of 7th order (the d-q model, known as Park’s equation) was considered, describing
quite accurately the behavior of the DFIG, completed with the equations modeling the connection
to a power system, respectively the connection/disconnection of consumers at generator terminals
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[11][12][13][15][16][17][18].

The controlled installation is disturbed by a stochastic noise with zero mean and variation o2 =
0.01, this modeling some variations of the process parameters, respectively of the noise produced by
the power system [28].

3 Case studies

As already mentioned, considering the specific operating regimes of an induction generator (inte-
grated in a wind site), the case studies carried out considered two types of external disturbances that
affect its operation:

- Mechanical disturbances (with slower action on the process) consisting of mechanical torque
variations as a consequence of the variation in the wind speed (driving the turbine);

- Electrical disturbances (with rapid action on the process) consisting of variations in loading/unloading
by connecting/disconnecting local electrical consumers at the generator terminals.

3.1 Case 1: Type 1/type 2 fuzzy PI controller — comparison

In this first case study, a comparative analysis of the performances offered by type 1, respectively
type 2 fuzzy PI controllers, was carried out. The tests carried out showed practically similar perfor-
mances for both types of fuzzy controllers, in the context of both categories of previously mentioned
disturbances.

To exemplify the previously mentioned, an analysis is presented for the case of a mechanical
torque variation ATm = 10%, (considering a fuzzy inference structure with 5 membership functions,
as described in the previous chapter - see Figure 2a and Figure 2b, respectively Figure 3a and Figure
3b). Figure 4a and Figure 4b shows the controlled output error for each of the two types of fuzzy
controllers. A great similarity of the control system response can be observed (the results being
similar): identical shapes, identical settling-times, small insignificant differences being only for the
response overshoot/undershoot. Including the excitation voltages (the controller outputs, see Figure
4¢ and Figure 4d), respectively the outputs of the fuzzy inference blocks (Figure 4e and Figure 4f)
are practically identical (as shape and values). In fact, by analyzing the control surfaces of the two
types of fuzzy controllers (Figure 2c and Figure 3c¢) one can notice the almost identical shapes, thus
logically leading to similar responses of control systems.

It must be stated that similar comparative tests were carried out for other variation ranges of the
mechanical torque, respectively for electric load/unload regimes, the conclusion being the same: the
control performances are practically equal for both types of fuzzy controllers (1 and 2). For this reason,
these comparative results are only mentioned in this first study, without being explicitly presented in
the article (to basically avoid showing duplicate graphics).

The tuning of type 1 fuzzy PI controller was carried out through repeated trials, analyzing the vari-
ation ranges of the inputs (error and error derivative) for fuzzy inference block design, respectively the
performance of the control system response for tuning the PI component. The considered membership
functions are presented in Figure 2a and Figure 2b, respectively Figure 3a and Figure 3b, mentioning
that for type 2 (whose design started from the fixed membership functions of type 1 fuzzy) several
variants of membership functions fluctuation were tested in this research, without leading to relevant
changes of the control performance, which remains practically similar to that offered by type 1. It
should be also emphasized that inference structures with a different number of membership functions
(3- too weak performances or 7 — similar performances) were also tried and tested, the solution with
5 functions being the best in terms of performance, respectively complexity.

As a conclusion, based on all mentioned in this first case study, all performed tests prove that the
type-2 fuzzy PI controller (much more complex as inference algorithm and much more difficult to tune
due to strongly nonlinear plant dynamics) is not justified compared to type 1. For this reason, all the
following studies will refer only to type 1 fuzzy PI controller.

The following case studies will consider various ranges of disturbances variation, respectively both
types of mentioned disturbances (mechanical torque, electrical load /unload), comparing only the per-
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Figure 4: Case 1 results (type 1/type 2 fuzzy PI controller - comparison)

formance of the type-1 fuzzy PI controller (type-2 being already excluded) with that of the conventional
PI/PID controllers.

3.2 Case 2: Mechanical torque variation

For a mechanical torque variation ATm = 20% (specific to a wind gust), the comparative results
regarding the response of the control system (Figures 5a, 5b, 5¢), respectively the excitation voltage,
basically the output of the controller (Figures 5d, 5e, 5f) for a type-1 fuzzy PI controller and for
conventional PI/PID controllers, are analyzed below. The obviously better performances of the fuzzy
PI controller can be noted: much lower settling-time, slightly smaller overshot, respectively shorter
duration of the oscillating transient regime (Figures 5a, 5b, 5¢). Thus, the settling-time for fuzzy
PI controller is 0.2 s, respectively 0.6 s for conventional PI and 0.8 s for PID. It should also be
highlighted the lower duration of the transient oscillating regime: 0.1 s for the case of the fuzzy PI
controller compared to 0.3 s for the conventional PI, respectively 0.2 s for the PID.

Obviously, the adequate tuning of the PI component integrated in the fuzzy control system led to
other parameters values (gain and integral time constant) compared to the case of the PI controller
conventionally used (the PID parameters are based on the already tuned PI parameters, adding the
derivative component with a role especially in reducing the duration of the oscillating regime). The
outputs of the controllers (integrating the execution element) are shown in Figures 5d, 5e, 5f, noting
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the smaller variation range of the excitation voltage in the case of the fuzzy PI controller (approx.
440-485 V). The variation of the mechanical torque is an external disturbance with a much slower effect
on the process (due to the mechanical inertia of the turbine) compared to the electrical load /unload
variations (treated in the following case studies). For this reason, tests corresponding to a negative
variation of the mechanical torque (basically a decrease of the wind speed) were no longer presented,
these being much less demanding and the performance of the fuzzy PI controller being the best also
in these cases.
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Figure 5: Case 2 results (mechanical torque variation)

3.3 Case 3: Electrical load/unload

Similar results regarding the better performance of the fuzzy PI control system (compared to the
conventional PI/PID solutions) were also obtained for the electrical load/unload regimes. Although
many more tests were carried out for various situations (resistive, inductive, capacitive load/unload -
the conclusions being similar), only the cases of resistive electrical load/unload are presented in the
following.

a) AR = +10% - disconnecting local consumers at generator terminals (electrical un-
load)

Figures 6a, 6b, 6¢ shows the controlled output error for the case of an electrical consumer dis-
connection at generator terminals (10% increase of electrical resistance at terminals). The graphical
results clearly show better performance of the fuzzy control system in terms of settling time and dura-
tion of the oscillatory regime, which is damped much faster. Note the excitation voltages (outputs of
the three analyzed controllers - Figures 6d, 6e, 6f), with a quite different dynamic, the fuzzy controller
output being much smoother (less oscillating).

The values of control performance indicators for this study case are presented in line 2 of Table 2,
proving the superiority of the fuzzy logic controller.

b) AR = —10% - connecting local consumers at generator terminals (electrical load)

One of the most demanding operating regimes of the generator is the electrical load. In this case
as well, for a resistive load, the response of the fuzzy PI control system is the best (see Figures 7a, 7b,
7c), the quality indicators of the control being presented on the 3rd line of Table 2. In Figures 7d, 7e,
7f are depicted outputs of the three analyzed controllers for this load regime.

It can be seen that the conventional PID controller (compared to the conventional PI) leads to
a better damping of the transient regime, the duration of the oscillating regime being shorter. Also,
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only for the electrical load regime, the fuzzy PI controller and the conventional PID controller have
relatively similar performances (slightly better fuzzy with a shorter duration of oscillations). The
overshoot / undershoot have somewhat similar values in a limited range (as can be seen in all the
figures showing the controlled output error, including Figure 8b) due to the connection to a power
network (which acts as a constraint on the generator terminals voltage). For this reason, this control
quality indicator was not explicitly tracked and analyzed in the presented studies.
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(f)) Controller output -excitation voltage (PID)

Overall, for the considered plant, a fuzzy PI control system outperforms the conventional solutions
based on classical PI/PID controller, ensuring better performance as can be seen in Table 2, which
offers a synthetic presentation of the control quality indicators for all presented case studies (the most
relevant ones from a long list of performed but not fully presented tests).
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Table 2: Comparative control quality indicators

Fuzzy PI Classical PI Classical PID Best
No.| Disturbance Settling | Oscillation | Settling | Oscillation | Settling | Oscillation | performance
time [s] | time [s] time [s] | time [s] time [s] | time [s]
1 Mechanical torque | 0.2 0.1 0.6 0.3 0.8 0.2 Fuzzy PI
variation
(ATm = 20%)
2 Unload 0.2 0.1 0.4 0.4 0.3 0.3 Fuzzy PI
(AR = +10%)
2 Load 0.2 0.15 0.4 0.3 0.2 0.2 Fuzzy PI and classi-
(AR = —-10%) cal PID (comparable)

3.4 Case 4: Robustness validation

The goal of this last, more complex case study is to test and validate the robustness of the PI
fuzzy control system under the action of a sequence of external disturbances, mechanical and electrical
(mechanical torque variation, electrical load/unload - see Figure 8a, for a longer time. Analyzing
the Figure 8b showing the control system response (terminal voltage error), the test shows good
performance, as well as the system robustness. It should be noted in this sense its robustness even
under the simultaneous action (at moments t==80, 85, 90 s) of both mechanical disturbance (variation
of the mechanical torque) and electrical disturbance (load/unload). Also, the required excitation
voltage (controller output) falls within a reasonable range of physically achievable values (Figure 8c).
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Figure 8: Case 4 results (a) Mechanical torque variation/ Electrical load/unload; (b) Controlled
output error (terminal voltage error); (c) Controller output (excitation voltage); (d) Fuzzy output

In the context of this test, Figure 8d shows the variation of the fuzzy inference block output
(variable U in Figure 1), which is the input in the dynamic PI component, basically a PI controller.

In a conventional control structure, a PI (or PID) controller cancels its input (which is the system
output error). In a fuzzy PI control system, the PI controller ensures the cancellation of the fuzzy
inference block output, thus indirectly forcing the cancellation of the control system error (and its
derivative). In the design stage of the fuzzy inference block, its output was scaled in the interval [-1,1],
and thus its range of variation is much smaller than that of the control system output error. The role
of the integrated PI controller in a fuzzy control system being to cancel a smaller input (the inference
block output) than in a conventional PI control system (the system output error), his task and goal to
cancel a smaller value is practically easier and faster to achieve. Thus, in such a fuzzy control system,
the PI controller is faster and so more efficient, and the control performance increases through a faster
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response (shorter settling time, shorter oscillating time).

4 Conclusion

The study carried out in this paper shows that the presented control strategy using a fuzzy PI
controller to control the excitation of a doubly fed induction generator (DFIG) is a viable solution,
being able to provide superior control performance compared to conventional solutions based on classic
PI/PID controllers.

It is well known that the integral component of a conventional PI controller provides a null control
increment whenever the error of the controlled output is zero. But in the case of a system with a
strongly oscillating response around the steady-state value, this error is zero several times (until the
permanent steady-state is reached), without its derivative also being zero (the system still being in a
transient regime). For a fuzzy-PI controller (according to the fuzzy inference table), for a zero error
and non-zero derivative of the error, the output of the fuzzy inference block is non-zero, which means
that the PI controller still provides a non-zero increment for the control, which is an adequate response.
Only when the steady state is reached (null error and null error derivative simultaneously), the control
increment (offset) is zero. In other words, for a process whose output oscillates around the steady
state value (high-order nonlinear processes), at various time moments when the error passes through
zero (without remaining zero), the control increment should be non-zero. This behavior is specific
only for fuzzy PI controllers and not also for conventional PI/PID controllers. And obviously, such
behavior leads to more effective control and practically to a smaller settling time and less oscillations
(as can be seen from the research results presented for the considered DFIG).

Another research conclusion is that both fuzzy controllers (types 1 and 2) provide similar control
performances for the considered process. A simple analysis of the related control surfaces already
gives a first hint of the rather large similarity between them. In this context, choosing type-2 fuzzy
controller is not justified, the fuzzy algorithm being more complex and much more difficult to tune due
to the complexity of the DFIG, modeled as a 7th-order nonlinear system. It should be also highlighted
that this nonlinear model describes very well the fast transient regimes, strongly oscillating (specific
to electric machines) and provides good accuracy of the simulation results, based on which clear
conclusions about control performance were obtained.

Overall, for the considered process (maintaining constant terminal voltage of a doubly fed induction
generator through excitation control), a fuzzy PI control system can provide superior performance
compared to conventional solutions based on classic PI/PID controllers.
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