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ABSTRACT The Resilient Packet Ring (IEEE 802.17) fairness algorithm is simple, but exhibits some
weaknesses. The bandwidth allocation severely oscillates when the traffic is unbalanced. Several algorithms
have been proposed in recent years to overcome this issue. For example, the proportional controller is used
for solving the fairness problem. The proportional controller is able to converge to the fair rates with no
oscillations at the steady state. Unfortunately, the controller shows bandwidth oscillations and becomes
unstable if the network delay is significant. In this paper, the impact of the delay is studied analytically and
through simulation. Also, the Smith’s principle is used to compensate the ring delay. Moreover, the controller
gain is tuned using a fuzzy logic system. The performance is evaluated through simulation and the results
show that the proposed adaptive predictive proportional controller assures fairness, stability and high
bandwidth utilization even in ring network with large delay.

INDEX TERMS Fairness, fuzzy, RPR, predictive, proportional.

I. INTRODUCTION
The current technologies for metro access ring network
have several limitations. For example, SONET ring assures
fast protection at the expense of resource utilization where
50% of the available resources is reserved for protection.
On the contrary, Gigabit Ethernet assures high bandwidth
utilization at the expense of fairness and fast recovery from a
failure. The Resilient Packet Ring Network (RPR) [1], [2] is
described in the IEEE 802.17 as the integration of SONET
and Ethernet advantages. It assures cost effectiveness, fast
ring recovery, high utilization and fairness. RPR is consisting
of two rings (Figure 1) and both rings are used to transfer
data. The RPR technology supports the spatial reuse feature
that enables deferent segment of the ring to carry deferent
data traffic simultaneously for high bandwidth utilization.
Also, RPR technology categorized data packets into three
types, high quality traffic (class A), medium quality traffic
(class B) and the best effort traffic (class C). The incoming
traffic is either removed from the network if this switch is
the destination or go through the transit buffer (Figure 2).
The Primary Transit Queue (PTQ) for class A traffic and the
Secondary Transit Queue (STQ) for class B and C traffics
(Figure 3). The transit class A andB traffics have priority over
the local traffic. The transit and local class A and B traffics
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FIGURE 1. RPR network.

have guaranteed bandwidth. The remaining bandwidth is for
the best effort traffic and thus it is important to assure fairness.
At the state of congestion, the backlogged node sends to
the upstream nodes a control packet containing the fair rate
according to its measurements and each node changes its rate
accordingly.

The rest of the paper is organized as follows: Section II
debates fairness in RPR; Section III describes the propor-
tional controller and the effect of the delay; Section IV
illustrates the ring delay compensation by using the Smith
predictor; Section V explains the controller’s gain tuning
done by using a fuzzy logic system; simulation results are
shown in VI and conclusion in Section VII.

II. RELATED WORK
The standard fairness algorithm [3]–[5] is either aggressive or
conservative. When the RPR switch is congested, it computes
the fair rate as its transmitting rate namely my-rate if the
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FIGURE 2. Architecture of RPR node.

FIGURE 3. Dual buffers system.

FIGURE 4. Simple scenario.

aggressive algorithm is adapted or the available bandwidth
divided by the number of flows if the conservative mode
is used. The fair rate is transmitted to upstream nodes to
set their rates accordingly. When the congestion is cleared,
upstream nodes are informed to increase their rates till the
next congestion occurred and this process causes a repetitive
oscillation.

Let’s consider the scenario shown in Figure 4 [4].
Flow(2, 3) rate is 50 Mbps and flow(1, 3) rate is 622 Mbps.
Each link has a capacity of 622Mbps and 0.1 ms propagation
delay. At the state of congestion, node 2 transmits a fairness
packet that includes its transmitting rate of 50 Mbps, thus
node 1 regulates its transmitting rate to be 50 Mbps. On the
other hand, node using the conservative transmits a fairness
massage include the value of 311Mbps. After resolving the
congestion, upstream nodes are notified to increase the rates.
Node 1 increases its rate till the next congestion situation
(figure 5) and these oscillations decrease the throughput.

Several alternative algorithms were proposed to resolve
the fairness problem. For example, the distributed virtual-
time scheduling in ring algorithm (DVSR) [4] requires per-
source information and has a computational complexity of

FIGURE 5. Performance of RPR fairness algorithm.

O(N log N ), where N is the number of sources. Similarly,
the distributed bandwidth allocation fairness algorithm [5]
achieves similar performance like DVSR but with a low
computational complexity of O(1). Moreover, the Virtual
Queuing algorithm [6] has the same convergence as DVSR
but requires per-source virtual queue at each switch. Alterna-
tively, the fuzzy controller was designed to regulate the band-
width allocation process by using the local information and
compute the fair rate [7]. The fuzzy controller was shown to
be simple and able to achieve fairness. Also, the control the-
ory was applied by using the proportional integral controller
[8] and the proportional controller [9] where the controllers
demonstrated to achieve fairness with no oscillations and do
not require per-source information.

The proportional controller is stable and simple to imple-
ment but if the network delay is large the closed loop system
becomes unstable and the allocated bandwidth oscillates.

In this paper, two improvements are proposed to the pro-
portional controller. First, the smith predictor is used for dead
time compensation to get a delay free system and remove
the influence of the network delay. Second, the proportional
controller gain is tuned by a fuzzy logic controller to enhance
the system performance and overcome the uncertainties of the
system parameters.

III. PROPORTIONAL CONTROLLER
Recently, a proportional controller proposed to monitor the
congestion and compute the fair rate (Figure 6) [9]. At the
bottlenecked link, the transit queue length q(t) is

q(t) =

t∫
0

N∑
i=1

ai(t − τ
f
i )dt −

t∫
0

D(t)dt, (1)

where N is the number of sources, ai is the rate of source
i,τ fi is the forward delay experience by the data packets
transmitted from source i to reach the congestion location and
D is the available resources for class C.

At the reception of the fair rate, node i sets its data rate as
follows

ai(t) = f (t − τ bi ), (2)

where τ bi is the backward delay.
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FIGURE 6. The proportional controller.

FIGURE 7. The control system.

Using Eq.(1) and Eq.(2), we get

q(t) =

t∫
0

N∑
i=1

f (t − τi)dt −

t∫
0

D(t)dt, (3)

and

q′′(t) =
N∑
i=1

f ′(t − τi), (4)

where τi = τ bi + τ
f
i is the round trip delay.

Laplace transform of Eq. (4) is

Q(s) =

N∑
i=1

e−sτi

s
F(s). (5)

For ease, assume τi = τ,∀i ∈ N and τ is the maximum delay.
Thus, the process model G(s) = Q(s)

F(s) is

G(s) =
Ne−sτ

S
(6)

The proportional controller C(s) (Figure 7) calculates the fair
rate as

f (t) = ke(t), (7)

where e(t) = r(t) − q(t), r(t) is the set point and k is the
controller gain.

The Laplace transform of Eq. (7) is

F(s) = kE(s), (8)

and the system transfer function is

Q(s)
R(s)
=

kNe−sτ

s+ kNe−sτ
(9)

The proportional controller is simple and suitable to guaran-
tee stability, high utilization and fairness.

A. OFFSET ELIMINATION AND STABILITY
The process model is integrator plus dead time and due to the
natural integrating action of the process it does not require
integral control action to eliminate the offset [10]. The control
system which is using the proportional controller satisfies the
stability condition that q(t) ≤ r(t). So, let consider that the
set point is a step function r(t) = r0 · u(t) and the system
output in response to r(t) is

Q(s) =
kNe−sτ

S + kNe−sτ
R(s) (10)

The steady state queue level is lim
t→∞

q(t) = lim
s→0

sQ(s), and we
get

q(∞) = r(∞) = r0 (11)

It is clear that using a proportional controller to control a
process with integrating action would assure stability and
eliminate the offset that lim

t→∞
q(t) = r(t), and lim

t→∞
e(t) = 0.

So the proportional controller is suitable for bandwidth reg-
ulation at the high speed network due to its stability and
simplicity.

B. ACHIEVING FAIRNESS
At the equilibrium point, the control system has

lim
t→∞

q(t) = r(t), lim
t→∞

q′(t) = 0, and lim
t→∞

f (t) = f ∗

therefore, Eq. (1) written as
N∑
i=1

a∗i = D. (12)

Using Eq. (2) and Eq. (12), then obtain
N∑
i=1

f ∗ = D, (13)

and

f ∗ =
D
N
, (14)

this assures that each flow attains no less than its fair share.

C. GAIN SELECTION
The characteristic equation of the control model is

s+ kNe−sτ = 0. (15)

and the controller’s gain computed as follows
By s = jω and e−jωτ = cos(ωτ )− j sin(ωτ ), we have

kN cos(ωτ )− jkN sin(ωτ ) = −jω. (16)

and the stability condition is

0 < k <
π

2Nτ
. (17)

this result is similar to one reported by Ziegler and Nichols
tuning method [11]–[13]
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FIGURE 8. Proportional controller performance (low link delay).

FIGURE 9. Large delay scenario.

D. FULL LINK UTILIZATION
The control system assures full link utilization by keeping the
following condition that q(t) > 0.

The system output in response to r(t) and d(t) is

Q(s) =
kNe−sτ

S + kNe−sτ
R(s)−

1
S + kNe−sτ

D(s) (18)

and final queue level is

q(∞) = r(∞)−
(

1
kN

)
d(∞)

= r0 −
(

1
kN

)
d∞ (19)

The compulsory condition to assure full link utilization is
maintain the following

r0 >
(

1
kN

)
d(t)

E. PERFORMANCE EVALUATION
Now, the simple scenario (Figure 4) is used to evalu-
ate the proportional controller. The oscillation is reduced
as shown in Figure 8 and flow(1, 6) claim the avail-
able bandwidth of 571Mbps. The proportional controller
attains its objectives of fairness, stability and high bandwidth
utilization.

Unfortunately, the system is very sensitive to the ring delay.
For instance, the congestion point is made farther from node 1
and the link’s propagation delay is increased to1ms as shown
at Figure 9. Flow (1, 6) oscillates as shown in Figure 10
due to large network delay and this causes bandwidth
loss.

FIGURE 10. Proportional controller (large delay).

FIGURE 11. The predictive control model.

The typical approach to overcome this problem is to use
dead time compensator [14]–[19] and it has been shown that
the Smith predictor is successful for system with large delay.

IV. DEAD TIME COMPENSATION
In this section, the proposed control system (Figure 11) is
designed after Smith’s predictor [20]–[22] for dead time com-
pensation.

The control system is enhanced by the Smith predictor to
compensate the time delay and remove its effect on the system
stability. The proposed controller (Figure 11) consists of the
proportional controller and smith predictor. The predictor is
composed of the process model without dead time N

S and the

process model with the dead time

N∑
i=1

e−sτi

s .
The objectives of the control system are to obtain a free

delay system, stability and full link utilization. These goals
are detailed through the following proposition:
Proposition 1: The proposed system is a delay free.
Proof: The transfer function is

Q(s)
R(s)
=

k
N ×

1
s

N∑
i=1

e−sτi

1+ k
N ×

1
s

(
N−

N∑
i=1

e−sτi

)

1+

k
N ×

1
s

N∑
i=1

e−sτi

1+ k
N ×

1
s

(
N−

N∑
i=1

e−sτi

)
(20)
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FIGURE 12. The desired control model.

Eq.(20) is simplified to

Q(s)
R(s)
=

(
k
s

1+ k
s

)(
1
N

)( N∑
i=1

e−sτi
)

(21)

The system is first order closed loop system followed by sum
of delays (Figure 12).
Proposition 2: The proposed system satisfies the stability

condition q(t) ≤ r(t).
Proof: The system output in response to r(t) is

Q(s) =

k
N

N∑
i=1

e−sτi

s+ k
R(s) (22)

and the final queue level is

q(∞) = r(∞) = r0 (23)

and the proof is complete.
Proposition 3: The proposed system assures full link uti-

lization, that q(t) > 0
Proof: The system output in response to r(t) and d(t) is

Q(s)=

k
N

N∑
i=1

e−sτi

s+ k
R(s)−

1+ k
s−

k
N ×

1
s

N∑
i=1

e−sτi

s+ k
D(s) (24)

and the final queue level is

q(∞) = r(∞)−

(
1
k
+

1
N

N∑
i=1

τi

)
d(∞)

= r0 −

(
1
k
+

1
N

N∑
i=1

τi

)
d∞ (25)

and the required condition for full utilization is

r0 >

(
1
k
+

1
N

N∑
i=1

τi

)
d(t)

and this completes the proof.
The predictive proportional controller C(s) calculates f(t)

as

f (t) =
k
N

r(t)− q(t)− N t∫
0

f (t)dt +
N∑
i=1

t−τi∫
0

f (t)dt


=

k
N

r(t)− q(t)− N∑
i=1

t∫
t−τi

f (t)dt

 (26)

The fair rate f (t) is proportional to the available queue space
r(t) − q(t) decreased by the sum of packets that are injected
in the ring through the time (t − τi→ t).

FIGURE 13. The adaptive predictive proportional controller.

FIGURE 14. Functions of e(k) and 1e(k).

TABLE 1. The rule base for K.

V. CONTROLLER GAIN TUNING
The proposed predictive proportional controller involves
many uncertainties such as the process model and the con-
troller parameters that may affect the performance of the
control system. Thus, an adaptive gain tuning method is pro-
posed using the fuzzy logic [23]–[27] to dynamically adjust
the controller gain k . The proposed system is illustrated at
Figure 13.

The error e(t) and the differential error 1e(k) are the
inputs to the fuzzy system. These inputs are normalized with
respect to the secondary transit queue size and then fed to the
fuzzification process. These inputs are mapped into linguistic
values Positive Big (PB), Positive Small (PS), Zero (Z), Neg-
ative Big (NB) and Negative Small (NS) through their corre-
sponding membership functionsµPB, µPS , µZ , µNB andµNS
respectively (Figure 14). Triangular membership functions
are selected because of their simplicity, easy to implement
and provide good performance in control systems [28]–[32].
The rule-based fuzzy system is used for the inference process.
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FIGURE 15. The controller gain k .

FIGURE 16. The RPR simulation model.

In specific, the Sugeno method [33]–[36] is applied and the
rules are in the form of

IF antecedent THEN consequent

where the antecedent is based on the fuzzy sets, while the
rule consequent is a crisp function and the controller gain has
25 rules. The rules for the proportional controller has the form

Rj : IF e(t) is Xe and 1e(k) is X1e Then k is bj

where Rj is the jth rule, e(t) and 1e(k) are the Controller’s
inputs with their linguistic values Xe and X1e, respectively,
and k is the output which takes the value of bj as tabu-
lated in Table.1. The result of each rule is a crisp output.
Thus, the weighted average defuzzification method is used
to obtain the controller gain k. The objective of using the
triangular membership function for fuzzification process,
the Sugeno method for inference process and the weighted

FIGURE 17. Adaptive predictive proportional controller performance.

FIGURE 18. Re-claim available bandwidth scenario.

FIGURE 19. RPR-AM.

average defuzzification is to simplify the computation pro-
cess of the gain tuning system and make it suitable for the
high speed network application. The surface of the controller
gain is shown in Figure 15 as a function of the inputs
e(t) and 1e(k).

VI. SIMULATION RESULTS
The Simula RPR simulator is used for evaluating the fair-
ness algorithms [37]. The Simulator structure is described
at Figure 16 where the simulation software is written in
Java and each class relates to a switch’s entity. For example,
the fairness algorithm is implemented in the fairness java
class as a part of the MAC control.
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FIGURE 20. RPR-CM.

FIGURE 21. Proportional controller performance.

FIGURE 22. Adaptive predictive proportional controller performance.

The proposed system is tested for the large delay scenario
illustrated in Figure 9. The proposed controller’s performance
is shown in Figure 17. Flow(5, 6) gets its rate of 50Mbps and
Flow(1, 6) gets the rest of the available resources and sends

data at rate of 572Mbps with no oscillations. This proves the
advantage of the adaptive predictive proportional controller to
dynamically tune the controller gain and eliminate the delay
impact.

In the second experiment (Figure 18) [4], [5], links have
622Mbps bandwidth and 1ms delay. All flows have rates
of 622Mbps and start at time t = 0. The standard algorithm
is evaluated and the performance is shown in Figures 19-20,
where the algorithm exhibits permanent oscillation. The pro-
portional controller’s performance is shown in Figure 21,
where the allocated bandwidth severely socialites due to the
large ring delay. In contrast, the proposed system is able
to converge to the fair rates with no oscillation as shown
in Figure 22. Flows traversing link 4-5 achieve fair rate
of 155 Mbps. Moreover, flow (0, 2) claims the leftover
resources at link 1-2.

VII. CONCLUSION
The standard RPR algorithm exhibits oscillations resulting
in a bandwidth loss. Recently, a proportional controller was
designed to allocate bandwidth fairly. The proportional con-
troller works well when the ring delay is small. But, the pro-
portional controller exhibits oscillation if the delay is large.
In this paper, the delay impact is investigated and the pro-
portional controller is improved by using the Smith predictor
to compensate the dead time and the fuzzy logic to tune the
controller gain. The simulation results demonstrate that the
proposed adaptive predictive proportional controller achieves
its objectives of fairness, stability and high ring utilization.

REFERENCES
[1] Resilient Packet Ring, IEEE Standard 802.17. Accessed: Oct. 26, 2019.

[Online]. Available: http://ieee802.org/17
[2] F. Davik, M. Yilmaz, S. Gjessing, and N. Uzun, ‘‘IEEE 802.17 resilient

packet ring tutorial,’’ IEEE Commun. Mag., vol. 42, no. 3, pp. 112–118,
Mar. 2004.

[3] P. Yuan, V. Gambirozo, and E. Knightly, ‘‘The IEEE 802.17 media access
protocol for high-speed metropolitan-area resilient packet rings,’’ IEEE
Netw., vol. 18, no. 3, pp. 8–15, May 2004.

[4] V. Gambiroza, P. Yuan, L. Balzano, Y. Liu, S. Sheafor, and E. Knightly,
‘‘Design, analysis, and implementation of DVSR: A fair high-performance
protocol for packet rings,’’ IEEE/ACM Trans. Netw., vol. 12, no. 1,
pp. 85–102, Feb. 2004.

[5] F. Alharbi and N. Ansari, ‘‘Distributed bandwidth allocation for resilient
packet ring networks,’’ Comput. Netw., vol. 49, no. 2, pp. 161–171,
Oct. 2005.

[6] A. Shokrani, S. Khorsandi, I. Lambadaris, and L. Khan, ‘‘Virtual queu-
ing: An efficient algorithm for bandwidth management in resilient packet
rings,’’ in Proc. IEEE Int. Conf. Commun. (ICC), vol. 2, Aug. 2005,
pp. 982–988, doi: 10.1109/icc.2005.1494496.

[7] F. Alharbi and N. Ansari, ‘‘Adaptive fairness algorithm for resilient packet
ring networks,’’ in Proc. 1st IFIP Int. Conf. Wireless Opt. Commun.
Netw. (WOCN), June2004, pp. 86–89.

[8] F. Alharbi and N. Ansari, ‘‘Allocating bandwidth in the resilient packet ring
networks by PI controller,’’ in Proc. 34th IEEE Sarnoff Symp., May 2011,
pp. 1–6.

[9] F. Alharbi and N. Ansari, ‘‘Allocating bandwidth in resilient packet ring
networks by proportional contro ller,’’ in Proc. IEEE Int. Conf. Com-
mun. (ICC), Jun. 2011, pp. 1–5.

[10] B. Bequette, Process Control: Modeling, Design, and Simulation, 1st ed.
Upper Saddle River, NJ, USA: Prentice-Hall, 2002, p. 216.

[11] K. Åström and T. Hägglund, ‘‘Revisiting the Ziegler–Nichols step response
method for PID control,’’ J. Process Control, vol. 14, no. 6, pp. 635–650,
Sep. 2004.

23088 VOLUME 8, 2020

http://dx.doi.org/10.1109/icc.2005.1494496


F. Alharbi: Adaptive Predictive Proportional Controller for IEEE 802.17

[12] A. O’Dwyer, ‘‘Tuning rules for PI and PID control of time delayed
processes–some recent developments,’’ in Proc. Irish Signals Syst. Conf.
Belfast, U.K.: Queens Univ. Belfast, Jul. 2004, pp. 463–468.

[13] A. O’Dwyer, Handbook of PI and PID Controller Tuning Rules, 3rd ed.
London, U.K.: Imperial College Press, 2009, pp. 359–363.

[14] J. E. Normey-Rico and E. F. Camacho, ‘‘Dead-time compensators: A sur-
vey,’’ Control Eng. Pract., vol. 16, no. 4, pp. 407–428, Apr. 2008.

[15] L. De Cicco, S. Mascolo, and S.-I. Niculescu, ‘‘Robust stability analysis
of Smith predictor-based congestion control algorithms for computer net-
works,’’ Automatica, vol. 47, no. 8, pp. 1685–1692, Aug. 2011.

[16] S. Mascolo, ‘‘Congestion control in high-speed communication networks
using the Smith principle,’’ Automatica, vol. 35, no. 12, pp. 1921–1935,
Dec. 1999.

[17] D. Cavendish, M. Gerla, and S. Mascolo, ‘‘A control theoretical approach
to congestion control in packet networks,’’ IEEE/ACM Trans. Netw.,
vol. 12, no. 5, pp. 893–906, Oct. 2004.

[18] S. Mascolo, ‘‘Modeling the Internet congestion control using a Smith
controller with input shaping,’’ Control Eng. Pract., vol. 14, no. 4,
pp. 425–435, Apr. 2006.

[19] M. Gamal, N. Sadek, M. R. Rizk, and A. K. Abou-elSaoud, ‘‘Delay
compensation using Smith predictor for wireless network control system,’’
Alexandria Eng. J., vol. 55, no. 2, pp. 1421–1428, Jun. 2016.

[20] G. F. Franklin, J. D. Powell, A. Emami-Naeini, Feedback Control of
Dynamic Systems, 8th ed. Upper Saddle River, NJ, USA: Prentice-Hall,
2018.

[21] Control Station. (2019). Practical Process Control using Loop Pro
Software-Control Station. Accessed: Oct. 26, 2019. [Online]. Available:
https://controlstation.com/

[22] J. Normey-Rico and E. Camacho, Control of Dead-Time Processes.
London, U.K.: Springer, 2007.

[23] H.-J. Zimmermann, Fuzzy Set Theory—and Its Applications, 3rd ed.
Norwell, MA, USA: Kluwer, 2001.

[24] A. A. El-samahy and M. A. Shamseldin, ‘‘Brushless DC motor tracking
control using self-tuning fuzzy PID control and model reference adaptive
control,’’ Ain Shams Eng. J., vol. 9, no. 3, pp. 341–352, Sep. 2018.

[25] L. Fu, Z. Zhang, Q. Kong, and J. Mao, ‘‘The design of adaptive fuzzy PID
controller with Smith compensator for Network Control Systems,’’ inProc.
IEEE Int. Conf. Inf. Autom., Lijiang, China, Aug. 2015, pp. 3037–3040.

[26] H. Ren, X. Cao, and J. Guo, ‘‘Modified Smith predictor design and its
applications to long time delay systems,’’ Int. J. Signal Process., Image
Process. Pattern Recognit., vol. 8, no. 5, pp. 151–160, May 2015.

[27] K. Sharma and D. K. Palwalia, ‘‘A modified PID control with adaptive
fuzzy controller applied to DC motor,’’ in Proc. Int. Conf. Inf., Commun.,
Instrum. Control (ICICIC), Indore, India, Aug. 2017, pp. 1–6.

[28] W. Pedrycz, ‘‘Why triangular membership functions?’’ Fuzzy Sets Syst.,
vol. 64, no. 1, pp. 21–30, May 1994.

[29] A. Barua, L. S. Mudunuri, and O. Kosheleva, ‘‘Why trapezoidal and
triangular membership functions work so well: Towards a theoretical
explanation,’’ J. Uncertain Syst., vol. 8, no. 3, pp. 164–168, 2014.

[30] V. Kreinovich, O. Kosheleva, and S. N. Shahbazova, ‘‘Why triangular and
trapezoid membership functions: A simple explanation,’’ in Proc. World
Conf. Soft Comput., Baku, Azerbaijan, May 2018, pp. 1–8.

[31] Y.-T. Juang, Y.-T. Chang, and C.-P. Huang, ‘‘Design of fuzzy PID
controllers using modified triangular membership functions,’’ Inf. Sci.,
vol. 178, no. 5, pp. 1325–1333, Mar. 2008.

[32] J. Zhao and B. Bose, ‘‘Evaluation of membership functions for fuzzy logic
controlled induction motor drive,’’ in Proc. IEEE 28th Annu. Conf. Ind.
Electron. Soc. (IECON), vol. 1, Sevilla, Spain, Oct. 2003, pp. 229–234.

[33] K. M. Passino and S. Yurkovich, Fuzzy Control, 1st ed. Reading, MA,
USA: Addison-Wesley, 1997.

[34] T. J. Ross, Fuzzy Logic With Engineering Applications, 4th ed. Chichester,
U.K.: Wiley, 2017.

[35] A. Jaya, E. Purwanto, M. B. Fauziah, F. D. Murdianto, G. Prabowo, and
M.R. Rusli, ‘‘Design of PID-fuzzy for speed control of brushless DCmotor
in dynamic electric vehicle to improve steady-state performance,’’ in Proc.
Int. Electron. Symp. Eng. Technol. Appl. (IES-ETA), Surabaya, Indonesia,
Sep. 2017, pp. 179–184.

[36] Y. Ding, ‘‘Typical Takagi–Sugeno PI and PD fuzzy controllers: Analyt-
ical structures and stability analysis,’’ Inf. Sci., vol. 151, pp. 245–262,
May 2003.

[37] S. Gjessing, ‘‘The Simula RPR Simulator implemented in Java,’’ Simula
Res. Lab., Oslo, Norway, Tech. Rep. 2003-12, Dec. 2003.

FAHD ALHARBI is currently an Associate Pro-
fessor and the Vice Dean of the Graduate Studies
and Scientific Research, Faculty of Engineering–
Rabigh Branch, King Abdulaziz University,
Jeddah, Saudi Arabia. His research interests
include computer networks and data communica-
tion and security.

VOLUME 8, 2020 23089


	INTRODUCTION
	RELATED WORK
	PROPORTIONAL CONTROLLER
	OFFSET ELIMINATION AND STABILITY
	ACHIEVING FAIRNESS
	GAIN SELECTION
	FULL LINK UTILIZATION
	PERFORMANCE EVALUATION

	DEAD TIME COMPENSATION
	CONTROLLER GAIN TUNING
	SIMULATION RESULTS
	CONCLUSION
	REFERENCES
	Biographies
	FAHD ALHARBI


