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AnAlysis of the duAl control systeM operAtion 
during fAilure conditions

AnAliZA dZiAłAniA dublowAnego systeMu sterowAniA 
w stAnAch AwAryJnych*

The paper presents an analysis of the ASz-62IR-16E aircraft engine dual control system during failure conditions. The stud-
ies which are part of the certification tests in accordance with CS-E are described. The engine was equipped with a prototype 
electronic fuel injection control system. The experiments were conducted on the ASz-62IR-series piston aircraft engine test stand 
located in WSK “PZL-Kalisz” S.A. Robustness of the electronic control system has been studied for a single sensor failures and 
the effects of these failures have been evaluated. The tests included simulated failures of engine speed, manifold air pressure and  
engine temperature sensors. The results of these tests were described and presented on the time-domain charts. The paper con-
cludes with an analysis and a summary. 
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W artykule przedstawiono analizę działania dublowanego systemu sterowania silnika lotniczego ASz-62IR-16E w stanach awa-
ryjnych. Opisano badania stanowiące fragment próby dowodowej zgodnej z normą CS-E. Silnik wyposażony był w prototypowy, 
elektroniczny układ sterowania wtryskiem paliwa. Próby wykonano na stoisku hamownianym silników lotniczych tłokowych ASz-
62IR w WSK „PZL-Kalisz” S.A. Badano odporność układu na pojedyncze awarie czujników oraz oceniano skutki tych awarii. 
Wykonano próby, w których symulowano awarie czujników prędkości obrotowej, ciśnienia powietrza w kolektorze dolotowym i 
temperatury silnika. Wyniki tych prób opisano i przedstawiono na wykresach przebiegów czasowych oraz przeprowadzono ich 
analizę. Artykuł zakończono podsumowaniem.
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1. Introduction

Safety is the most important requirement imposed on aircraft en-
gines. The engines have to comply with standards which are focused 
primarily on reliability and robustness to failure conditions. These 
requirements are contained in the “Certification Specifications for 
Engines” (CS-E) issued by the European Aviation Safety Agency 
(EASA). For aircraft engine control systems, the standard emphasizes 
the system’s robustness to single failure conditions. The systems are 
to be designed in such a way as to minimize the possibility of a failure 
and to mitigate its consequences [1, 7, 13].

One of the commonly applied practices to fulfill those require-
ments is to use a dual system. These systems are able to operate in 
parallel or supersede each other. However, the design process of such 
systems is very complex and demands a series of functional tests to 
be carried out. There are many different methods and techniques for 
system safety assessment and life prediction [6, 8, 11, 12, 14]. In this 
particular case, the correct system operation is definitively proved 
through a functional test involving failure induction [9, 10].

The targeted project no 04305/c.Zr6-6/2008 „Multi-fuel supply 
system for ASz-62IR engine”, sponsored by the Ministry of Science 
and Higher Education, completed successfully in 2011. As a result of 
its realization, the electronically controlled fuel supply and injection 
system for the ASz-62IR engine was created. The version equipped 
with the electronic fuel injection system was labeled ASz-62IR-16E 
and has been undergoing a type certification process since 2010. The 
requirements of both certification and production preparation pro-
cesses imposed a substantial series of reliability and durability tests to 

be carried out, in order to unequivocally demonstrate invulnerability 
to malfunctions of individual components of the engine equipped with 
the electronic gasoline injection system. 

The ASz-62IR-16E aircraft engine is a 9-cylinder, single-row, air-
cooled, radial piston engine with a displacement of 29.87 dm3. The 
engine underwent numerous constructional and technological modifi-
cations since the beginning of its production in 1961. The engine has 
two valves and two spark plugs per cylinder. It is fuelled by the 100 
LL aviation gasoline. The ignition system is composed of two inde-
pendent ignition subsystems, one per set of spark plugs. The technical 
specification of the engine are presented in table 1.

The developed electronic fuel injection system is based on the 
known automotive conception of a multipoint indirect fuel injection, 
but the control of engine operation is performed in an open loop. The 
fuel from the central tank is taken by the mechanical fuel pump, fil-
tered and supplied under the correct pressure to the fuel manifold. The 
fuel is then led to the individual injectors mounted in the inlet pipes 
of the corresponding cylinders. The fuel pressure is regulated by the 
pressure regulator, which directs excess fuel back to the tank [4, 5]. 

For safety reasons, the fuel injection system is a dual system. It 
is composed of two control subsystems with two independent sets of 
sensors and one set of actuators - the fuel injectors. The fundamental 
objective of the design was to ensure that a single failure, be it a fail-
ure of a sensor or other system component, cannot adversely affect, 
or the effect will be negligible, the engine operation. Such assurance 
is consistent with the requirements contained in the “Certification 
Specifications for Engines” (CS-E) issued by the European Aviation 
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Safety Agency. The requirements imposed on the engine control sys-
tem are described in CS-E 50 [1]. 

The supplemental type certification process for the ASz-62IR-
16E engine involves theoretical analyses and certification tests de-
veloped in cooperation with and approved in advance by the certifica-
tion authority (EASA), including tests carried out during both normal 
operation of the system and during failure conditions. This meets the 
requirements set forth in the above-mentioned standards.

2. The objective and scope of research

The purpose of the research was to analyze the operation of the 
dual control system during failures of selected sensors. These studies 
were conducted in order to ensure  compliance with selected provi-
sions of the CS-E 50 “Engine Control System” [1] with particular 
emphasis on: 

Point (b): 
 “(b)  Control Transitions. It must be demonstrated that, when a 

Fault or Failure results in a change from one Control Mode to an-

other, or from one channel to another, or from the Primary System 
to the Back-up System, the change occurs so that:

(1) The Engine does not exceed any of its operating limita-
tions, 

(2) The Engine does not surge, stall, flame-out or experience 
unacceptable thrust or power changes or oscillations, or 
other unacceptable characteristics (...)”

Point (c):
 (c)  Engine Control System Failures. The Engine Control System 

must be designed and constructed so that:
(1)  The rate for Loss of Thrust (or Power) Control (LOTC/

LOPC) events, consistent with the safety objective as-
sociated with the intended aircraft application, can be 
achieved, 

(2)  In  the  Full-up  Configuration,  the  system  is  essentially  
single  Fault  tolerant for  electrical  and electronic Fail-
ures with respect to LOTC/LOPC events. 

(3)  Single Failures of Engine Control System components do 
not result in a Hazardous Engine Effect, 

(4)  Foreseeable Failures or malfunctions leading to local 
events in the intended aircraft installation, such as fire, 
overheat, or Failures leading to damage to Engine Con-
trol System components, must not result in a Hazardous 
Engine Effect due to Engine Control System Failures or 
malfunctions.”

The scope of the research included certification tests described in 
the test program, including demonstration of the system robustness to 
single failures “failure conditions tests - failure of a single sensor” 
and the assessment of the impact of individual failures. The sensors 
involved in the tests are presented in table 2.

3. Test bench and research methodology

The study was conducted on the ASz-62IR-16E engine test 
stand located in a WSK „PZL-Kalisz” S.a. facility. The test bench is 
equipped with measurement devices allowing the tests to be compli-
ant with the provisions imposed by the CS-E. Additionally, as it is 
practiced by other authors [2, 3, 9], the test bench was equipped with 
proprietary measurement systems:

The diagnostics system allowing to collect and store informa-1. 
tion about the current operation state of the engine control sys-
tem 10 times per second;
The device allowing to induce failures of individual compo-2. 
nents during the engine operation – the signal breaker (Fig. 1).

Table 2. Sensors of the control system for the ASz-62IR-16E aircraft engine 

Name Symbol Type Manufacturer

Manifold air pressure sensor MAP AtM.1St - 0,22 – 2 pcs StS Sensor technik Sirnach Ag

Fuel pressure sensor FP AtM.1St - 0,8 – 2 pcs StS Sensor technik Sirnach Ag

Air temperature sensor MAt tP - 371 K-4-22-1000-M2x1.5-SPEC – 2 pcs
tP-952-2-2t-SPEC 2x45+120°C/4-20mA (measuring transducer) – 2 pcs CZAKI thermo-Product

Fuel temperature sensor Ft tP - 371 K-4-22-1000-M2x1.5-SPEC – 2 pcs CZAKI thermo-Product

Engine temperature sensor Et tP - 373 K-1.0-118-SPEC - 2 pcs
tP-952-SPEC 2x45+300°C/4-20mA (measuring transducer) – 2 pcs CZAKI thermo-Product

Rotational speed sensor RPM 1gt101DC – 2 pcs Honeywell International, Inc.

throttle position sensor tPS 9851 (clockwise) – 1 pc
9852 (counterclockwise) – 1 pc BEI Sensors

Table 1. Technical specification of the ASz-62IR engine

Name Value

Engine diameter 1380 mm

length 1130 mm

Dry weight of an engine 567 kg (±2%)

Cylinder diameter 155,5 mm

Piston stroke 174,5 mm

total displacement 29,911 dm³

Compression ratio 6,4±0,1

Maximum power at 2200 RPM, 
Pk=1050 mmHg 1000 KM (735 kW)

Rated power at 2100 RPM, 
Pk=900 mmHg 820 KM (603 kW)

Rated power at an altitude of 1500 m 840 KM (618 kW)

Power at 2030 RPM, Pk=830 mmHg 738 KM (543 kW)

Power at 1930 RPM, Pk=745 mmHg 615 KM (452 kW)

Power at 1770 RPM, Pk=665 mmHg 492 KM (362 kW)

Average fuel consumption ca. 200 dm3/h

Maximum fuel consumption ca. 330 dm3/h

Weight to power ratio 0,57 kg/KM (0,42 kg/kW)

Power to displacement ratio 33,43 KM/dm³ (24,58 kW/dm3)
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The signal breaker is a device inserted between the engine and the 
controller. It is designed to physically disconnect electrical circuits 
connecting the controller to the sensors and injectors. 

During the tests, relays embedded in the circuits between the 
engine harness and the controller were appropriately driven using a 
computer program. The relays were connected in such a way that the 
corresponding circuit was connected during the inactive state of the 
relay. By that means, failures of individual sensors and injectors were 
simulated.

The signal breaker and diagnostics system were operated with the 
supervisory system in a form of a PC with special software that allows 
to induce failures (the FAILURES program) and to record the data 
sent by the controller (the DIAG program). This allowed to conduct 
the tests and store the results:

DIAG – the program that allows to register the engine operation 
by recording measured values, coefficients of the control algorithm 
and the resulting injection times generated by the controller;

FAILURES - the program that allows to break electrical circuits 
connecting each sensor and injector to the controller through a physi-
cal change of a relay state in the signal breaker.

A second, independent recording of the engine operation was 
performed using the test bench measurement system. The registered 
values are presented in table 3.

The second, independent measurement recording is required for 
certification tests compliant with the CS-E.

All tests included a comparison of the engine operation without 
failure and during a single failure of a chosen sensor at 75% of the 
nominal engine power defined by the rotational speed n=1910 rPM 
and manifold air pressure Pk=745±15 mmHg (99.325±2 kPa). Dur-
ing the tests, the engine’s operation parameters were continuously re-
corded. During failure conditions, the injection times, fuel consump-
tion, cylinder head temperatures and output power were measured 
and evaluated by comparing with the values obtained during normal 
engine operation. Failure of every sensor was simulated.

In accordance with the control algorithm objectives, a malfunc-
tion of a single sensor triggers an automatic detection of an associ-
ated failure condition and, as a matter of course, the measurement 
process is switched from the dual sensor mode to the single sensor 
mode utilizing only one, operational sensor. This transition may cause 
a short-lived variation of the time, but not greater than 3% during 
steady states and 7% during transient states. Variation of output pow-
er, fuel consumption and cylinder head temperatures are not expected 
to exceed 5%.

4. Certification tests

4.1. Failure of the rotational speed sensor

The figure below shows the time plot graph of the injection time 
and rotational speed measured by both control subsystems during 
simulated failure of RPM sensor #1 (Fig. 2) and RPM sensor #2 (Fig. 
3). Disconnection of the rPM sensor #1 occurred at t=78 s. Discon-
nection of sensor #2 occurred at t=40 s.

Table 3. Quantities recorded during the tests

Symbol Name

to Ambient temperature, oC

B  Ambient pressure, mmHg

ΔB  Absolute humidity, mmHg

tpg  temperature of inlet air, oC

P01  oil pressure in the oil pump, kg/cm2

P02 oil pressure in the back lid, kg/cm2

P03 oil pressure in the reducer, kg/cm2

Pp  Fuel pressure, kg/cm2

t1  temperature of the oil entering the engine, oC

t2  temperature of the oil exiting the engine, oC

thead  Cylinder head temperature, oC

W  oil flow rate, kg/min

Q  oil cooling power, kcal/min

n Crankshaft rotational speed, 1/min

Pk Manifold air pressure, mmHg

Neo Power, HP

Ce Specific fuel consumption, g/KMh

tinj Fuel injection time, ms

kch Cylinder head cooling coefficient, %

tfuel Fuel temperature, oC

tair Manifold air temperature, oC

aTPS throttle position angle, o

Fig. 1. Overview of the test system

Fig. 2. Injection time and rotational speed during simulated failure of RPM 
sensor #1

Fig. 3. Injection time and rotational speed during simulated failure of RPM 
sensor #2
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The figures below present the results of the measurements of the 
engine operating parameters during both normal operation and failure 
conditions of the RPM sensor #1 (Fig. 4) and sensor #2 (Fig. 5).

Both rotational speed sensors included in the control system are 
triggered by the same tooth of a pulse wheel. Each sensor is connected 
in parallel to both control subsystems. Due to manufacturing and as-
sembly tolerances, the signals from both sensors are slightly shifted in 
time. The control algorithm takes into account the earlier signal. Only 
signals from rotational speed sensors are processed in this manner.

Analysis of the control system operation during failure of RPM 
sensor #1 shows that failure of the sensor results in a momentary de-
crease of the rotational speed by 10 RPM and decrease of the injec-
tion time by 0.3 ms (which accounts for 5% reduction of the injection 
time). This state lasts for 2 seconds and after that the system returns 
to its normal operation. This is confirmed by the results of measure-
ments of the operation parameters of the engine. The failure contrib-
utes to a 3.5% reduction of the output power and 2.5% reduction of 
the specific fuel consumption. The cylinder head temperatures stayed 
at the same level with variation not exceeding more than 5oC, which 
in fact is a typical variation for this engine on the test stand.

Analysis of the control system operation during failure of RPM 
sensor #2 reveals that failure of the sensor results in a momentary de-
crease of the rotational speed by 5 RPM and increase of the injection 
time by 0.1 ms (which accounts for 2% increase of the injection time). 
This state lasted for about 2 seconds. The injection time stabilized 
immediately after the failure, which is confirmed by the measure-
ments of the engine’s operation parameters. The failure contributes 
to a negligible loss of power (0.8%) without altering the specific fuel 
consumption. The cylinder head temperatures stayed at the same level 
with variation not exceeding more than 5oC, which in fact is a typical 
variation for this engine on the test stand.

4.2. Failure of the manifold air pressure sensor 

The control system includes two manifold air pressure sensors, 
both measuring the same pressure. Each control subsystem is connect-
ed to one of the sensors. The values measured by each sensor is ex-
changed by the subsystem by a means of digital communication link. 
The control algorithm uses an arithmetic mean based on both values, 
provided that both values are considered correct by an assessment 
procedure. When one of the measured values is considered incorrect 
(e.g. outside a specified range), only the valid one is used. This solu-

tion is common for algorithms processing the values obtained from 
the temperature, pressure and throttle position sensors. 

Fig. 6 presents the time plot graphs of the rotational speed and the 
injection time, whereas fig. 7 shows the signals from both manifold 
air pressure sensors and the resulting pressure value used for fuel in-
jection time calculation during simulated failure of the MAP sensor 
#1. The failure condition begins at t=62s and lasts until t=162s.

The results of the measured engine operation parameters during 
normal operation and the failure state of the MAP sensor #1 are pre-
sented in fig. 8. 

Fig. 9 presents the time plot graphs of the rotational speed and the 
injection time, whereas fig. 10 shows the signals from both manifold 
air pressure sensors and the resulting pressure value used for fuel in-
jection time calculation during simulated failure of the MAP sensor 
#2. The failure condition begins at t=62 s and lasts until t=158 s.

The results of the measured engine operation parameters during 
normal operation and the failure state of the MAP sensor #2 are pre-
sented in fig. 11.

Failure of the MAP sensor #1 causes the control system to set its 
corresponding manifold air pressure value with a default value of 1 bar. 
This value is not used further in fuel injection time calculation. The 
transition causes a momentary calculation error resulting from averag-
ing of the measured signals. Such a rapid change of the manifold air 

Fig. 6. Injection time and rotational speed during simulated failure of MAP 
sensor #1

Fig. 8. Measured values of selected engine operation parameters during 
simulated failure of MAP sensor #1

Fig. 7. Measured and calculated values during simulated failure of MAP 
sensor #1

Fig. 4. Measured values of selected engine operation parameters during 
simulated failure of RPM sensor #1

Fig. 5. Measured values of selected engine operation parameters during 
simulated failure of RPM sensor #2
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pressure value influences the fuel film compensation algorithm, which 
contributes to momentary increase of the injection time to 12 ms, fol-
lowing a decrease to 0 ms in the next cycle. Such behavior is consistent 
with the design of the control algorithm. This results in a short-lived 
decrease of the rotational speed by 20 RPM for about 1 second.

During the failure condition, the injection time is increased by 
0.1 ms (1.5%). The rotational speed is maintained at a constant level, 
equal to the engine speed during normal operation.

The recovery from failure condition results in a return of the 
control algorithm from a single sensor mode back to the dual sensor 
mode, resulting in an insignificant decrease of the pressure value used 
in calculations. The transition causes a second execution of the fuel 
film compensation algorithm, resulting in a one cycle injection cut-
off. This is consistent with the design of the control algorithm.

The failure condition of the MAP sensor #1 results in a small in-
crease of the engine output power by 0.5% and decrease of the specif-
ic fuel consumption by 1.4%. The temperatures of the cylinder heads 
remained unchanged.

The failure condition of the MAP sensor #2 results in similar be-
havior. The state transition causes a momentary error in fuel injection 
time calculation. Such a rapid change of the measured manifold air 
pressure manifests itself with a dynamic adjustment of the injection 
time, resulting in a momentary increase of the injection time to 12 
ms, following a decrease to 0 ms in the next cycle. Such behavior 

Fig. 9. Injection time and rotational speed during simulated failure of MAP 
sensor #2

Fig. 11. Measured values of selected engine operation parameters during 
simulated failure of MAP sensor #2

complies with the design of the control algorithm. It results with a 
decrease of the rotational speed by 15 RPM for 1 second.

During the failure condition the injection time is reduced by 0.1 
ms (1.5%). The rotational speed is maintained on a constant level, 
equal to the speed during normal operation of the engine.

The recovery from failure condition results in a return of the 
control algorithm from a single sensor mode back to the dual sen-
sor mode, resulting in an insignificant decrease of the value used in 
calculations. The transitions triggers execution of the fuel film com-
pensation algorithm, resulting in a one cycle injection cut-off. This is 
consistent with the design of the control algorithm.

The failure of the MAP sensor #2 had no measureable impact on 
the output power. The cylinder head temperatures and specific fuel 
consumption also remained unchanged.

4.3. Failure of the engine temperature sensor

The control system includes two engine temperature sensors.  The 
ET sensor #1 measures the temperature of cylinder head #2 and the ET 
sensor #2 measures the temperature of cylinder head #7. The signals 
from the sensors are processed by external signal measuring transduc-
ers and then fed to the corresponding control subsystems. Measured 
values are different. The control algorithm uses the greater of the two 
values, provided that both values are considered correct by an assess-
ment procedure.

Fig. 12 presents the time plot graphs of the rotational speed and 
the injection time, whereas fig. 13 shows the signals from both engine 
temperature sensors and the resulting temperature value used for fuel 
injection time calculation during simulated failure of the ET sensor 
#1. The failure condition begins at t=50 s and lasts until t=152 s.

The results of the measured engine operation parameters during 
normal operation and the failure state of the ET sensor #1 are pre-
sented in fig. 14.

Fig. 12. Injection time and rotational speed during simulated failure of ET 
sensor #1

Fig. 13. Measured and calculated values during simulated failure of ET sen-
sor #1

Fig. 10. Measured and calculated values during simulated failure of MAP 
sensor #2
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sented in fig. 17.
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Since the value measured by the ET sensor #2 was lesser then the 
ET sensor #1, the calculated engine temperature remained unaffected 
during ET sensor #2 failure condition, which resulted in no change of 
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5. Conclusions

Although the described sensors were of various types and each 
sensor type was utilized in a different manner by the control algo-
rithm, no single failure of any sensor had a negative impact on the 
engine’s operation.

The tests showed that no single sensor malfunction results in loss 
of engine’s performance. The engine and the control system operated 
properly without going beyond the accepted limits. In most cases, 
there was no change in engine operation parameters greater than 5% 
and there was no power output variation beyond acceptable limit.

The tests demonstrated that the requirements contained in CS-E 
b (1) and (2) were satisfied. During failure conditions there was no 
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b (1), and there was no engine stall, unwanted oscillations or other 
unacceptable phenomena, which satisfies CS-E 50 b (2).

The tests proved that the designed control system is completely 
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by CS-E 50 c (2). 

Simultaneously, the Unsafe Engine Condition did not occur and 
there was no indication such a possibility could arise, which satisfies 
the requirements imposed by CS-E 50 c (3), (4).

It can be concluded that the design and control algorithm is insus-
ceptible to a single sensor failure.

Fig. 14. Measured values of selected engine operation parameters during 
simulated failure of ET sensor #1

Fig. 15. Injection time and rotational speed during simulated failure of ET 
sensor #2

Fig. 16. Measured and calculated values during simulated failure of ET sen-
sor #2

Fig. 17. Measured values of selected engine operation parameters during sim-
ulated failure of ET sensor #2
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