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Resume
Variations of successive combustion cycles are associated with power losses, 
vibration and fluctuations in the engine speed, torque and work done. 
Previous studies declared that the elimination of cycle-to-cycle variation 
(CCV) could improve the engine power by 10 %. This work aims at correlating 
cyclic variability to engine operating conditions to determine the relevant 
operating conditions that affect the CCV and help designers to predict it. 
Experimental work was carried out on spark ignition, 4-stroke, 4-cylinder, 
2.2 liters, with an 8.85:1 compression ratio and a maximum power of 85 kW 
at 5,000 rpm. The cyclic variability of many indicators is calculated from the 
measured in-cylinder pressure data. Results have been used to introduce 
new correlations considering the effect of normalized speed and load on 
cyclic variability with acceptable fit. These correlations could be a useful tool 
in early design calculations, CCV modeling and control.
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displacement of the flame kernel center from the spark 
gap at different crank angles 
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ignition delay dTi , combustion duration bTi , or time 
elapse from ignition to a  moment, at which a  certain 
mass fraction is burnt XbTi . 

Factors that influence the cyclic variability in the 
SI engines have been extensively studied during the 
last couple of decades. Authors have identified factors 
affecting the CCV to include mixture composition factors, 
cylinder charge factors, spark factors and in-cylinder 
mixture motion factors. Chemical (combustion-related 
factors) and physical (operating conditions and engine 
geometry) factors have also been ascribed to CCV. It 
is a common opinion [6-8], that the higher the laminar 
flame propagation velocity for a given type of fuel, the 
higher is the burning rate and the less is the CCV 
due to the combustion process. Examination of the 
overall equivalence ratio reveals [9-11] that minimum 
CCV occurs at a  slightly rich mixture equivalence 
ratio (1-1.2) [12], which gives the shortest combustion 

1	 Introduction

Cyclic variability in spark-ignition engines causes 
a drop in overall engine performance and high emissions 
[1]. So, the control of Cycle-to-Cycle Variation (CCV) 
becomes a main target in the research field to improve 
engine efficiency and diminish their emissions.

Indicators have been developed to quantify 
the cyclic variability in internal combustion 
engines [2-5]. Based on these works, the CCV can 
be characterized by (i) the variation in pressure-
related parameters; maximum pressure Pmax^ h , 
crank angle at maximum pressure Pmaxi^ h , maximum 
rate of pressure rise dP

d maxi
: D , the crank angle at 

the maximum rate of pressure rise max
d
dpi
i_ c im , or 

coefficient of variance in indicated mean effective 
pressure (COVIMEP), (ii) the concentration of exhaust 
gases components; (HC), (CO) or (NOx), (iii) flame front-
related parameters; flame front position (L), crank 
angle lapse between the flame front arrivals to two 
pre-specified different locations in the cylinder L1 2i - , 
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Investigations of spark plug orientation, concerning the 
mean velocity vector, result in the observations that the 
cross-flow orientations produce the lowest levels of cyclic 
variability in indicated mean effective pressure (IMEP), 
while an upstream orientation produces the highest 
[33-34]. It is believed that turbulence intensity and 
scales affect combustion by wrinkling and corrugating 
the flame front, thus increasing flame surface area 
[35]. Nishiyama et al. [36] commented that the level 
of turbulence intensity near the spark gap should be 
increased up to a certain limit, depending on operating 
conditions and engine geometry. Above this limit, 
excessive flame stretching occurs causing the local flame 
quenching and increased CCV. Overall, in-cylinder flow 
pattern affects the CCV through early flame kernel 
convection and turbulence generation. Authors [37-39] 
provide different conclusions regarding swirl, tumble 
and squish motions, but the most common conclusion 
is that the swirl motion can provide a  significant 
decrease in cyclic variability as measured by CCV in 
pressure, combustion development, burning rate and  
IMEP.

Sources of CCV have been hypothesized and 
discussed by different authors [5, 21, 40]. It is a common 
opinion that cyclic variability in turbulence intensity, 
cyclic variability of in-cylinder mixture homogeneity, 
cycle-to-cycle variation in velocity pattern inside the 
cylinder, cycle-to-cycle variation of mixture composition 
and cyclic variability in spark discharge characteristics 
are the main sources of CCV in combustion  
cycles. 

Previous studies [41-42] show different approaches 
to model combustion and in-cylinder combustion process 
CCV. Some authors investigated the effect of displacement 
of the flame kernel on CCV in combustion. Others 
studied the turbulence variations, manifold pressure 
and residual gas effect on cycle-to-cycle variations 
in flame development using different approaches 
like the Auto-Regressive Moving Average (ARMA)  
technique. 

It is a  very complex and difficult task to quantify 
and control the cyclic variability phenomena given 
their dependence on such a large number of factors. To 
determine the lowest number of relevant independent 
factors, needed to be controlled to control CCV, it is 
mandatory to investigate them individually and in 
a  factorial manner. Although most of these factors 
depend, more or less, on operating parameters, there 
is no explicit relation that quantifies cyclic variability 
in terms of operating parameters. This work aims 
to study the effect of operating parameters (speed, 
load), rather than one design parameter (compression 
ratio) on CCV experimentally. Moreover, empirical 
relations that predict the cyclic variability in terms of 
operating parameters are introduced. Such investigation 
could be an important step for engine assessment 
and cyclic variability phenomena prediction, modelling  
and control.

duration and the highest peak pressure. Fraction of 
diluent studies, some of them incorporating skip firing 
to vary scavenging, confirm that the higher the diluent 
concentration the less is the burning rate and the 
greater the CCV [13-15]. This observation reveals the 
criteria for minimizing the NOx emissions through the 
exhaust gas recirculation and the criteria for minimizing 
the CCV conflict. Mixture non-homogeneity as a result 
of imperfect fuel atomization and evaporation process, 
or as a result of poor mixing between the fresh charge 
and residual gases, repeatedly yields the conclusion that 
as mixture non-homogeneity increases, cyclic variability 
increases due to lower growth of pressure rate and 
predominant deceleration of flame propagation speed 
[16-18]. However, Ozdor [5] declares that the effect 
of inhomogeneity is still uncertain because its effect 
depends, to a  large extent, on the turbulence intensity 
and scales.

The factors mentioned in the previous paragraph 
relate to mixture composition. Ignition-related factors 
follow. Examination of spark timing results [9, 19-21] 
yields a  common conclusion that the minimum CCV 
can be achieved when ignition occurs at maximum 
break torque (MBT). Investigations of spark discharge 
characteristics, which means spark duration and 
energy, lead to two conflicting conclusions. First, 
the quicker the flame kernel reaches a  critical size, 
as affected by the high spark energy, the lower is 
combustion-related cyclic variability [20, 22].  
Second, spark discharge characteristics have been 
concluded not to affect the CCV, as long as the 
mixture can be ignited [5, 21, 23-24]. Spark plug 
design may influence the CCV through the shape 
and number of electrodes by affecting the flame/plug 
contact area fraction and thereby affecting flame kernel 
heat loss and through the spark gap by affecting 
the flame kernel development [24-26]. Some authors 
find no effect of electrode geometry on the standard 
deviations in burning times of the smallest flame kernel 
[27]; while others confirmed that fewer variations, 
especially in terms of the CCVIMEP are experienced for 
cylinders equipped with four electrode plugs. Spark 
plug number and location have a  strong influence 
on cyclic combustion variations [28]. Any change in 
these parameters decreases the maximum flame travel 
distance or increases the rate of mass burning and hence, 
decreases the flame travel times, resulting in lower cyclic  
variations [29].

The CCV factors related to in-cylinder mixture 
motion are described next. Due to the probabilistic 
nature of in-cylinder turbulence motion, investigators 
consider in-cylinder mixture motion as the major cause 
of the CCV that hampers engine performance. The 
mean flow velocity in the vicinity of the spark gap 
has a  dominant effect on the very early stage of 
sparking and flame initiation; it affects the flame 
kernel growth rate through an alteration of spark 
characteristics and flame kernel convection [30-32]. 
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data acquisition one type PCI-6071E with 64 analogue 
inputs A/D channels and two outputs D/A channels. 
The resolution of this card is 12 bits. The sampling 
rate of the A/D channels is software adjustable with 
a maximum 1.25 MHz rate. The Lab-View software was 
used in acquiring and saving the data. The acquisition 
rate, start and duration of acquisition, number of 
channels and data storage processes, were controlled 
through the program. To keep the acquisition process as 
fast as possible, this program was used for acquiring and 
saving only; another MATLAB program was written for 
later data analysis.

At the beginning of this work, 600 to 1,000 successive 
data cycles were acquired in each test. The resulting 
data was then divided into batches, each containing 
the pressure data for 25 successive cycles. The standard 
deviations and the coefficient of variance of the IMEP 
were then repeatedly evaluated for the first group of 
cycles, which contained an increasing multiple of 25 
cycles. It is evident that both the coefficient of variance 
and the standard deviation become almost constant 
after 300 cycles, as shown in Figure (2). Therefore, it 
was concluded that it is necessary to investigate the 
data of at least 300 successive cycles to study the cyclic 
variability problem.

Steady-state tests were carried out under different 
operating conditions: namely engine speed and brake 
load. At each engine speed of 1,000, 1,500, 2,000, 
2,500 and 3,000 rpm, data acquisition was performed 
at specific brake loads, namely 00, 27.1, 54.2, 81.35, 
108.35, 135.58 and 162.7 N.m. These values of speed 

2	 Experimental setup and program

The first stage of this research work was to erect 
a  modern test rig for the study of the characteristics 
of spark-ignition engines. The test rig included an 
engine and the instrumentation that was necessary for 
measuring and recording the parameters important to 
engine performance and combustion. The experimental 
investigations were conducted on a  General Motors 
four-stroke, four-cylinder water-cooled spark-ignition 
engine. The engine capacity was 2.2 litres, with an 
8.85:1 compression ratio, 115 horsepower maximum 
power at 5,000 rpm and 183 Nm maximum torque at 
3,600 rpm. The engine external load was applied by 
a  Go-Power Systems hydraulic dynamometer; model 
D-356, with water as the working fluid. The maximum 
braking torque could reach 690 Nm at 3,000 rpm. Figure 
(1) gives a  general schematic of the complete test rig 
with the locations of the used sensors and transducers. 
The positions of measuring transducers and pickups 
(relevant to Figure 1) with their main specifications are 
listed in Table 1.

The data acquisition system, which was used in 
this work, is a  64-input channel online system for 
recording the slowly and quickly varying parameters. 
The system operates in a  sequence of input channel 
multiplexing, signal sampling and holding, analogue to 
digital conversion and finally, storing the digital result. 
This sequence is controlled, step by step, by a computer, 
which at the end of each measuring procedure stores 
the test data. The used card is an NI input-output 

Figure 1 Schematics of the test rig
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3	 Results and discussion

3.1	 Effect of external applied load and engine 
speed on cyclic variation

Heywood [4] defined the coefficient of variance 
of indicated mean effective pressure (COVIMEP) as 
an important indicator of the cyclic variability. This 
variable is defined as the ratio of the standard deviation 

and load were chosen to cover the widest range of 
engine operation (35 combinations) and thus increase, 
as much as possible, the range of the cyclic variability 
investigation. In each test, the in-cylinder pressure, 
crank angle and TDC marker data were acquired and 
retained for 300 successive cycles. Engine speed and 
load, in addition to fuel and air consumption, exhaust 
temperature and intake manifold absolute pressure, 
were monitored and recorded, as well.

Table 1 The measured parameters with their corresponding measuring instruments, accuracies and uncertainties 
(Measured Point no. is pertinent to Figure 1).

Meas.
Point 

No

Measured 
Parameter Instrument Range Accuracy Uncertainty (%)

1 Cylinder Pressure
6041A Kistler Water-
Cooled Pressure 
Transducer 

0 - 250 bar Th. Sens. < ± 0.5 %. Linearity 0.5 % 
OFS. Hysteresis 0.5 % OFS ± 0.2 %

10 Intake manifold 
absolute pressure

PX-203 OMEGA 
Absolute Pressure 
Transducer

0-206.8 kpa 0.25 % FS. Th. effect 0.009 % FS/1F NA

4 Crank Angle and 
Engine Speed 

Encoder (WD GI 
58B)

1 pulse/ 0.25 o 
CA to 1 pulse/  
1 o CA.)

Phase Shift 90 ° ± max. 7. 5% of 
the period duration. pulse-/pause-
ratio ≤ 5000 ppr: 50 % ± max. 7 %

± 0.6 %

2 Load cell reading Load Cell Central 
CTD2-300 1334.5 N < 0.05 % OFS. Th. shift < 0.09 % 

FS/C ± 0.1 %

(A) Applied Load = 54.2 Nm, Engine Speed = 1,000 rpm

(B) Applied Load = 27.1 Nm, Engine Speed = 1,500 rpm

Figure 2 Sample of the IMEP standard deviation in terms of number  
of successive cycles at different operating conditions
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loads. This is manifested in the large relative changes in 
the timing maxPi^ h  of the maximum cylinder pressure, 
as shown in Figure 5. Consequently, the expansion 
process, represented by expansion polytropic exponent 
n2, is affected, especially at low loads, Figure 7. On the 
other hand, Figure 6 proves that the compression curve, 
represented by compression polytropic exponent n1, is 
only slightly affected at low loads. It is believed that 
this is a  result of the ignition point changing and the 
beginning of the combustion process.

The effects of the engine speed on the COV of the 
various parameters seem to be relatively small at all the 
loads except close to idle conditions (low speed and low 
load). This supports the previous analysis and confirms 
that cyclic variability is practically experienced at 
speeds below 1,500 rpm and external braking loads less 
than 30 N.m. This is seen in Figures 5 to 7, where there 
are no significant changes at different speeds except at 
low loads.

3.2	 Correlating cyclic variations to engine speed 
and external load 

Previous results and discussion show that the 
cyclic variations are dependent on engine speed and 
external load. Other design characteristics, such as 
the compression ratio, valve timing and ignition and 
fuel system parameters, are expected to contribute to 
the cyclic variations. Further investigations of these 
parameters need to be conducted in a factorial manner 
to provide a complete map of the CCVs.

The IMEP value is affected mainly by the pressure-

in the indicated mean effective pressure IMEPv^ h  over 
many successive cycles divided by its mean value and is 
usually expressed as a percentage as follows:

%,

.

COV IMEP

IMEP
SweptVolume

PdV

100IMEP
IMEP )
v

=

=
# 	 (1)

Figure 3 indicates the dependence of the COV of the 
IMEP on the externally applied loads [Nm] at constant 
speeds. The values of the COV are almost constant 
at loads higher than 30 Nm, irrespective of engine 
speed. However, at lower loads, the COV progressively 
increases, especially at engine speeds below 1500 rpm. 
The negative effect at low loads can be attributed to 
the increased amount of residual gases remaining in 
the combustion chamber at the end of the scavenging 
period, which leads to lower combustion flame speed. 
Besides this negative effect, there is the negative effect 
of the valve overlap at low engine speeds accounts for 
the increased COV at 1000 rpm. In addition, at near 
idle conditions (low engine speeds and low loads), the 
low level of turbulence results in a poor premixing of the 
fresh charge and higher cyclic variations. 

The effect of the engine load on the COV of the 
maximum value of the cylinder pressure at constant 
speeds is depicted in Figure 4. It is evident that the COV 
increases slightly as the loads decrease to lower than 30 
Nm, the same trend as the COVIMEP.

Figures 5 to 7 summarize the effects of load on the 
cylinder pressure history at constant speeds and show 
that the combustion process is greatly disturbed at low 

Figure 3 Dependence of the COVIMEP on applied load at different engine speeds

Figure 4 Dependence of the COV of maximum pressure on applied load at different engine speeds
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Figure 5 Dependence of the COV of maxPi  on applied load at different engine speeds

Figure 6 Dependence of the COV of compression polytropic exponent (n1) on applied load at different engine speeds

Figure 7 Dependence of the COV of expansion polytropic exponent (n2) on applied load at different engine speeds

Figure 8 Trend lines of the COVIMEP dependence on applied load at constant speeds
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conditions (speed and load) on these characterizing 
parameters variation. 

Figure  8 displays the dependence of the COV of 
the IMEP on the externally applied load with the trend 
lines drawn at constant engine speeds. Several attempts 

volume diagram characterizing parameters, such as 
the maximum pressure Pmax, the crank angle at which 
maximum pressure occurs maxPi , compression polytropic 
exponent n1 and expansion polytropic exponent n2. So, 
it is convenient to investigate the effect of operating 

Table 2 Correlation formulae of the COV of characterizing parameters

Correlation Formulae R2 Standard 
Error Significance F

. . . .
ln

COV v
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Figure 9 Measured VS predicted COV of different characterizing parameters
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parameters to both engine speeds and loads. 
To normalize the variables and make the empirical 

relations more applicable to other engines, the following 
ratios are introduced:

,

.

v
EngineSpeed at MaximumTorque

EngineSpeed

MaximumEngineTorque
Applied ExternalTorque

n

=

=
	 (2)

These ratios are substituted into the relations and 
the final shape of the equations describing the COVs of 
the IMEP, Pmax, maxPi  , n1 and n2 are provided, as shown 
in Table 2. 

are made to obtain a  sound mathematical dependence 
of the COV on the engine load, with different degrees 
of success. The best results are obtained when the 
dependence is assumed to take a  logarithmic form as 
suggested by the shapes of the trend lines. The least-
square curve fitting techniques are used to evaluate the 
coefficients of the assumed equation, which gives the 
minimum residuals (R2 > 0.95).

The procedure that was previously followed is 
repeated to correlate the characterizing parameters 
variations and operating conditions of the engine. These 
steps provide guidelines about the nature of relations. 
Regression techniques are then used to correlate these 

Figure 10 Coefficient of the IMEP variance at two values of Compression Ratios (CR)
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effect more than the engine speed in the cyclic 
variability problem, this is clear by checking the 
coefficients of relations illustrated in Figure (2).

3.	 By investigating the P-V curves for successive 
cycles it was found that the variations occur in 
six characterizing parameters, namely in-cylinder 
maximum pressure, the crank angle at which 
the maximum pressure occurs, compression 
and expansion polytropic indexes and suction 
and exhaust lines. The first four characterizing 
parameters exhibit the highest variations.

4.	 Novel empirical mathematical relations for IMEP 
and pressure characterizing parameters variation 
have been introduced (Table 2), as a  function of 
applied load and speed, using an enormous amount 
of experimental data that were acquired at a high 
rate of 50 kHz.

5.	 The empirical relations were normalized to be 
applicable to any spark ignition engine by using the 
two dimensionless parameters ν and μ, instead of 
using absolute engine speed and applied load. Those 
relations give acceptable errors in predicted results 
compared to the measured ones.

6.	 In the case of a  lower compression ratio, the 
cyclic variability seems to increase at low loads, 
irrespective of the engine speed.
These normalized empirical relations could be 

a  useful tool in the early stages of engine design 
procedures and could be a guideline for cyclic variability 
control and assessment. However, other design and 
operating parameters, such as more compression 
ratio values, inlet conditions etc. need extensive 
investigation to introduce a  complete map for cyclic  
variability.
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These equations were used to calculate the COVs 
under the same measurements’ conditions. The 
calculated results are confirmed by the measured values 
in Figure 9. For example, the COVIMEP can be predicted 
within 98 % accuracy, while Pmax with 94 % and so on as 
shown in Table 2 and Figure 9. The highest percentage 
of error is encountered at low load conditions.

3.3	 Compression ratio effect on cyclic variability

Figure  10 presents a  comparison of the measured 
COVs of IMEP at the compression ratio of 7.8 to those 
that were obtained with the initial compression ratio 
of 8.85. The figure proves that the dependence of the 
cyclic variability on the engine speed and load generally 
remains the same. However, with the lower compression 
ratio, the cyclic variability seems to increase at low 
loads, irrespective of the engine speed. This is attributed 
to the lower pressure and temperature at the end of the 
compression stroke, which eventually leads to longer 
delay periods and lower flame propagation speeds. The 
fresh charge, being slightly rich under the conditions 
of low load and the poor mixing at low speeds, can also 
increase the cyclic variability. Measurements could not 
be conducted for all the cases at high loads and speeds, 
at low compression ratios, as shown in Figure 10 at 2,500 
and 3,000 rpm.

4	 Conclusions

Extensive experimental work has been conducted 
to investigate the cyclic variability in spark-ignition 
engines. Conclusions can be summarized as follows: 
1.	 Calculations of standard deviation of the COVIMEP 

for different batches of successive cycles show that 
the optimum number of successive cycles, needed to 
be acquired to investigate the CCV problem, should 
be at least 300 cycles, at which the value of standard 
deviation starts to become constant. Previous works 
showed wide variations regarding that number 
starting from 42 up to 1,000 cycles.

2.	 Experimental results show that the COV are higher 
at lower loads and speeds (lower than μ = 16.5 % and 
ν = 41 %, corresponding to 30 Nm load and 1,500 
rpm speed in this engine respectively), due to low 
level of turbulence, poor mixing and higher residual 
gases. Moreover, the applied load has a  dominant 
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