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Abstract  The cylinder head assembly from a GDI engine was separated to build a GDI 
fuel injection system capable of controlling the rail pressure and fuel injection levels. The GDI
fuel injection system is driven by a three-phase AC motor with a direct connection between the 
camshaft and the motor. The operating conditions of the GDI fuel injection system are
equivalent to those of actual engine driving. The AC motor drives the GDI high-pressure fuel 
pump by rotating the engine camshaft. In the GDI high-pressure fuel pump (HPFP), fuel is
pressurized on the upward stroke of the plunger and pumped to the fuel rail. Fuel rail pressure
(FRP) control is possible by controlling the opening/closing timing of the HPFP’s pressure
control valve (PCV), the fuel injection duration and the camshaft speed. In order to calculate the 
fuel injection rate characteristics of the GDI injector statistically under fixed conditions of the
camshaft speed, FRP, and injection duration, the measurements of the fuel injection rate were
repeated at regular time intervals. To calculate the variation of the fuel injection rate, the S/N 
(signal-to-noise) ratio, which is the average FRP divided by the FRP standard deviation, was
calculated. A fuel injection rate was obtained under 88 experimental conditions combining the 
three conditions of the HPFP’s PCV opening/closing timing, fuel injection duration, and 
camshaft rotational speed. The smaller S/N ratio shows the larger FRP variation. Also, it was 
identified that the S/N ratio is related to the variation of the fuel injection rate.  

 

1. Introduction   

The basic configurations of the fuel injection systems used in recent gasoline engines and 
diesel engines are nearly identical. In other words, both gasoline engines and diesel engines 
tend to use fuel injection systems based on a common rail and electronically controlled injec-
tors. Only the common rail pressure is different. Gasoline engines using the port fuel injection 
(PFI) system maintain a constant rail pressure of almost 0.4 MPa. On the other hand, the rail 
pressure of the GDI engine is controlled in the range of 3 MPa to 35 MPa depending on the 
engine operating conditions [1-4]. The rail pressure of a diesel engine is controlled in the range 
of 20 MPa to 200 MPa depending on the engine operation [5]. 

Compared to the gasoline PFI method and the diesel common rail method, the fuel pressuri-
zation method of the GDI engine has a problem in that the fuel rail pressure fluctuates. In the 
PFI method, the fuel pump uses a gear type or a roller type to pressurize the fuel stably. The 
high-pressure pump of a diesel engine usually is driven by means of three plungers, and when 
the eccentric cam rotates once, it delivers high-pressure fuel three times. On the other hand, 
the GDI HPFP uses a single plunger pump and delivers high-pressure fuel to the common rail 
3-4 times for every rotation of the driving camshaft. For this reason, the FRP pulsation by the 
GDI single plunger pump is relatively large. The FRP by the GDI single-plunger pump in-
creases the fuel injection rate variation and causes problems related to the durability and stabil-
ity of the GDI fuel supply system as well as noise and vibration. At higher engine speeds, these 
problems are amplified. Despite the various problems caused by pressure pulsation stemming 
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from the GDI single-plunger high-pressure pump, it continues 
to be the most commonly used type in GDI engines due to its 
simple structure and small size [6-10]. 

Fuel rail pressure control is an important task during the 
evaluation of the GDI fuel injection system. Research related to 
rail pressure control of the GDI fuel injection system mainly 
relies on the simulation method [11-13]. A study of the FRP 
and fuel injection characteristics under the operating condition 
of a GDI engine in Dynamo was also conducted [14-16]. In 
order to evaluate the GDI fuel injection system, a device that 
controls the rail pressure identically to how this is done under 
actual engine operating conditions is required. An integrated 
control scheme of an experimental rig for a GDI fuel injection 
system was studied using a FPGA DAQ driven by a PC and a 
real-time OS [17]. Lee and Lee [18] developed an experimental 
rig that rotates the camshaft driving a GDI HPFP by directly 
connecting it to the motor. Lee and Lee [18] studied the effects 
of the three factors of the camshaft speed, PCV open-
ing/closing timing, and fuel injection duration and how they 
affect the FRP characteristics using a GDI experimental rig. 

It should be noted that the fuel injection rate characteristics 
have the greatest influence on the fuel economy and emissions 
of a GDI engine. In the case of a GDI engine, given that fuel is 
injected directly into the cylinder, the fuel injection rate due to 
the FRP pulsation greatly influences the combustion character-
istics due to the concentration distribution and spatial distribu-
tion of the air and fuel mixture. An experimental study related to 
the fuel injection rate characteristics of a GDI fuel injection 
system focused on the injectors under the condition of stable 
rail pressure pulsation [11]. 

There are two standardized methods for measuring the injec-
tion rate of an injector. One measures the static injection rate 
and the other measures the dynamic injection rate. The static 
injection rate measures the amount of fuel injected over a pe-
riod of time with the valve continuously open. In the static injec-
tion rate measurement, the injector continuously inject fuel with 
exciting the injector solenoid for 30 seconds or more. The static 
injection rate of the injector is one of the important considera-
tions in designing an engine, and it is a standard in calculating 
the required flow rate under the maximum power output re-
quired by the engine [19]. The dynamic injection rate, on the 
other hand, measures the amount of fuel injected under the 
condition that the valve opens and closes repeatedly. That is, 
the same injection is repeated thousands of times and the col-
lected fuel mass is divided by the number of injections to obtain 
the single injection rate. Usually, when measuring the dynamic 
injection rate, the injector solenoid excitation time is changed 
and the frequency of the injection is usually 100 Hz. By meas-
uring the dynamic injection rate while changing the excitation 
time of the injector solenoid, the linearity of the relationship 
between the injector excitation time and the injector dynamic 
injection rate is evaluated (Linear flow range test: LFR test) [19, 
20]. In the above-described standardized injector test methods, 
the injection rate at a constant fuel rail is measured with supply-
ing an electronically controlled driving signal to the injector. 

The only difference between PFI and GDI injection rate 
measurement methods which are standardized is the fuel rail 
pressure. The rail pressure of the standardized injector tester 
rig is constant. In the case of a PFI injector, fuel injection is 
performed under the condition that the fuel rail pressure is 
maintained constant even under actual engine operating condi-
tions. However, in the real operating GDI engine, the fuel rail 
pressure is not constant and there are 4 peaks during one 
camshaft revolution. Factors that affect rail pressure under 
actual GDI engine operating conditions are engine speed, fuel 
injection rate, and rail pressure control valve opening/closing 
timing. The GDI injector injection rate measured with the stan-
dardized method [20] is different from the fuel injection rate 
under the actual GDI engine operating condition. Previous 
researches on the GDI fuel injection system under the GDI 
engine operating conditions were mainly achieved by operating 
the GDI engine on the engine dynamometer. To the authors’ 
knowledge, there has been no research on a measuring device 
that can measure the fuel injection rate of the GDI injector un-
der the real engine operating conditions. In order to measure 
the injection rate while controlling the three factors affecting the 
GDI rail pressure control, the rotation position of the camshaft 
driving the GDI high-pressure pump must be accurately en-
coded. 

In this study, by modifying the GDI experimental rig of Lee 
and Lee [18], a system that can accumulate and measure the 
amount of fuel injected from each injector was developed. The 
fuel injection rate and FRP pulsation were measured under 
various experimental conditions controlled by the camshaft 
speed of the GDI experimental rig, the HPFP PCV open-
ing/closing timing, and the fuel injection duration. Variations of 
the injection rate according to engine operating conditions were 
evaluated with the S/N ratio. With the developed measuring 
device, it is possible to find an optimal fuel injection condition in 
actual engine operation. 

 

2. Experiments 

Fig. 1 shows the schematics of the experimental system 
used to evaluate the fuel injection rate characteristics and FRP 
pulsation of the GDI injector. A device capable of measuring 
the fuel injection rate was added to the experimental system of 
Lee and Lee [18]. After separating the entire cylinder head 
assembly, which includes the HPFP, camshaft, and intake and 
exhaust valves from the GDI engine, the camshaft and three-
phase AC motor, the cam shaft was directly connected to the 
AC motor by means of shaft coupling. When the AC motor 
rotates one revolution, the camshaft also rotates one revolution. 
At the other end of the camshaft, the square cam and HPFP 
are in contact. When the camshaft rotates once, the HPFP's 
single plunger moves up to four times due to the cam profile 
and pumps high-pressure fuel to the fuel rail. A rotary encoder 
is assembled at one end of the AC motor, as shown in Fig. 1. 
With the A-line of the rotary encoder, 360 square waves are 
generated for each rotation of the camshaft. Therefore, the 
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resolution of the encoder is one degree in terms of the cam 
angle. From the Z-line, one square wave is generated per 
camshaft rotation and is used as a TDC reference. The en-
coder's A-line and z-line signals can be input into the microcon-
troller to measure the camshaft rotation position from the TDC 
reference. The HPFP’s PCV opening/closing timing, fuel injec-
tion timing, and fuel injection duration were determined based 
on the rotary encoder signals. 

The fuel supply system consists of a low-pressure fuel pump, 
the HPFP, the fuel rail, and the injector. The low-pressure fuel 
pump is immersed in the fuel tank, and its delivery pressure is 
0.4 MPa. The fuel from the low-pressure fuel pump is supplied 
to the fuel rail via the HPFP. The FRP is determined by the 
combination of the HPFP PCV opening/closing timing, the 
camshaft speed, and the fuel injection duration. The tempera-
ture of the fuel supplied to the fuel pump was maintained at 30 
±2 °C by controlling the amount of cooling water supplied to the 
heat exchanger. The fuel temperature in the fuel tank was 
measured using a thermocouple. 

The fuel injected from the injector was collected with a mass 
cylinder and the weight was measured with a scale. For the 
weight measurement, an OHAUS balance (SPX622KR) with a 
resolution of 0.01 g was used. The SPX622KR balance trans-
fers the weight of the mass cylinder including the collected fuel 
to a personal computer at one-second intervals by means of a 
RS-232C communication link. 

The experiment was conducted while changing the camshaft 
speed at regular intervals under a condition in which the fuel 
injection duration and HPFP PCV opening/closing timing were 
both constant. The HPFP PCV opening/closing timing, fuel 
injection duration, and fuel injection timing were programmed 
into the microprocessor based on the cam angle. By managing 
the settings in this way, even if the camshaft speed changes, 
the HPFP PCV opening/closing timing, fuel injection duration, 
and fuel injection timing always have constant values based on 

the cam angle. After adjusting the target camshaft speed by 
adjusting the AC motor inverter knob, the rail pressure, A-line, 
and Z-line signals of the encoder were recorded with a digital 
oscilloscope, and the fuel injection quantity was also measured 
at one-second intervals for a certain time. The same experi-
ment was repeated while increasing the camshaft speed by 
200 rpm.  

Again, the HPFP PCV opening/closing timing and fuel injec-
tion duration were programmed into the microprocessor with 
different values, and the same experiment was repeated. In 
this study, the injection quantity was measured using one scale, 
and one injector injected four times for each camshaft rotation. 
With regard to FRP control, this condition is nearly identical to 
that used with the four injectors to inject fuel sequentially once 
per camshaft rotation. 

The fuel injection conditions are always the same during the 
thousands of fuel injections. The developed experimental sys-
tem is to evaluate the fuel injection rate variation due to the 
pulsation of the GDI high pressure fuel pump in a fixed engine 
operating condition. 

 
 
Fig. 1. Experimental setup for evaluating the fuel injection rate and FRP pulsation. 

 

 
Fig. 2. A schematic diagram of the GDI HPFP used in this study. 
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Fig. 2 shows a schematic diagram of the GDI HPFP used in 
this study. The schematic diagram of the GDI HPFP by Spegar 
et al. [11] was modified. Fuel pumping by a single plunger is 
achieved by rotating the square cam at the end of the camshaft. 
During the solenoid deactivating duration, the fuel is sucked 
into the pumping chamber. When the solenoid is activated and 
the pressure control valve (PCV) moves to the left hand side, 
this seals the pumping chamber. At the same time, the single 
plunger moves up to pressurize the fuel in the pumping cham-
ber and the pressurized fuel is supplied to the fuel rail via the 
outlet check valve. As the solenoid is deactivated, the PCV 
moves to the right and fuel delivery stops. 

The HPFP PCV valve opening angle cases used in the ex-
periment are ATDC 10°, BTDC 89°, BTDC 78°, BTDC 70°, 
and BTDC 74°, and the closing angle cases are BTDC 70°, 
BTDC 62°, BTDC 64°, and BTDC 68°. Here, ° refers to the 
cam angle. The experimental conditions were determined by 
combining the aforementioned PCV closing and opening 
angles. The camshaft speed was controlled by increasing it 
from 400 rpm to 1000 rpm at 200 rpm intervals. Camshaft 
rotational speeds of 400-1000 rpm correspond to engine 
rotational speeds of 800-2000 rpm. Given that the engine 
speed is held to within 2000 rpm under actual vehicle driving 
conditions, the camshaft rotational speed range of 400-1000 
rpm used in this study is suitable. The fuel injection durations 
used are 4° and 6° in terms of the camshaft angle, and the 
results after converting the cam angle into time considering 
the engine speed are summarized in Table 1. Nozzle hole 
diameter of the GDI injector used in this study is 0.15 mm 
and number of the nozzle hole is six. 

3. Results and discussion 

Fig. 3 shows the average values of the HPFP PCV driving 
voltage, injector driving voltage, and FRP during one rotation of 
the camshaft. The measurements are repeated 30 times. The 
measurements were made under the conditions of a camshaft 
speed of 400 rpm, HPFP PCV opening and closing angles of 
64° and 70°, respectively, a fuel injection duration of 4°, and a 
fuel injection timing value of BTDC 14°. A Kistler piezo-resistive 
pressure sensor (4618A2) was used for the FRP measure-
ments. The FRP changes as the camshaft rotation angle posi-
tion changes. The average FRP during one rotation of the 
camshaft is approximately 13.3 MPa. The FRP shows four 
peaks which appear shortly before the single plunger reaches 
the TDC. 

Figs. 4(a)-(e) show the FRP when the HPFP PCV closing 
timing is fixed and the fuel injection duration and camshaft 
speed change, respectively. For one fixed HPFP PCV angle, 
the FRP was measured while changing the opening angle to 
BTDC 70°, BTDC 74°, BTDC 78°, BTDC 89°, and ATDC 10°. 
The fixed HPFP PCV closing angle was increased from BTDC 
62° to BTDC 70° in 2° increments. In Fig. 4, legends 4 and 6 
refer to injection durations of 4° and 6°, respectively. For ex-
ample, legend 4-O70 means the injection duration is 4° and the 
PCV opening angle BTDC is 70°. Except for legend O10 
(which means ATDC 10°), display legends have the same 
meanings. Two cases of 4° and 6° for each fuel injection dura-
tion were tested. When the HPFP PCV is closed, the rail pres-
sure starts to rise, and when it opens, it drops. 

The FRP shown in Figs. 4(a)-(e) became greater as the 
HPFP PCV closing time was earlier. The HPFP PCV closing 
was earliest in Fig. 4(a) (PCV closing angle: BTDC 62°) and 
latest in Fig. 4(e) (PCV closing angle: BTDC 70°). In the cam-
shaft rotational speed range of 400-700 rpm, the FRP change 
with the HPFP PCV opening angle was clearly observed for a 
fixed HPFP PCV closing angle. In particular, the FRP showed 
greater changes as the HPFP PCV closing time was earlier. In 
the range of 700-1000 rpm, the FRP change with the HPFP  
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Fig. 3. Average values of the HPFP PCV driving voltage, injector driving voltage and FRP with the cam angle. 

 
Table 1. Conversion of the fuel injection duration with the cam angle at a 
certain cam shaft rotation speed into ms. 
 

Cam angle 400 (rpm) 600 (rpm) 800 (rpm) 1000 (rpm) 

4° 1.67 (ms) 1.11 (ms) 0.83 (ms) 0.67 (ms) 

6° 2.50 (ms) 1.67 (ms) 1.25 (ms) 1.00 (ms) 
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PCV opening angle was small with a fixed HPFP PCV closing 
angle. In addition, the FRP is clearly divided into two bundles 
according to fuel injection durations of 4° and 6°. At camshaft 
speeds of 700-1000 rpm, the FRP with the fuel injection dura-

tion angle of 4° was larger than that when the fuel injection 
duration was 6°. At a camshaft speed of 400-700 rpm, the FRP 
with a fuel injection duration angle of 4° was also larger than 
that with a fuel injection duration angle of 6° under the same 
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Fig. 4. FRP with camshaft rotation speeds under various conditions of the HPFP PCV valve opening conditions for a fixed PCV closing cam angle: (a) BTDC 
62°; (b) BTDC 64°; (c) BTDC 66°; (d) BTDC 68°; (e) BTDC 70°; (f) various closing/opening conditions. 
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PCV opening angle conditions. 
As shown in Fig. 4(a), when the PCV opening angle is BTDC 

70° and 74°, the FRP change with the camshaft rotational 
speed was not large. When the PCV opening angle was BTDC 
78°, BTDC 89°, and ATDC 10°, the FRP change with the cam-
shaft speed is large in each case, especially in the range of 
400-600 rpm. These results stem from the overlap between the 
fuel injection timing section (BTDC 76°-BTDC 80°) and the 
pressurized fuel delivery timing section (PCV closing timing 
section). When the camshaft rotational speed is high, the num-
ber of pressurized strokes by the plunger increases, thereby 
increasing the FRP. With PCV opening timings of BTDC 78°, 
89° and ATDC 10°, the FRP did not drop significantly in the 
high-speed range of 700-1000 rpm.  

The results in Figs. 4(b)-(e) are similar to those in Fig. 4(a). 
However, as the fixed HPFP PCV closing angle increases, the 
FRP tends to decrease. For stable FRP control under changes 
in the camshaft rotational speed, it is desirable to control the 
PCV opening timing before the fuel injection start timing (BTDC 
70, 74°). 

Figs. 5(a)-(f) show the signal-to-noise ratio (S/N ratio) of FRP 
under experimental conditions identical to those in Figs. 4(a)-(f). 
In this experiment, for all experimental conditions, the FRP was 
measured at 1/5000 second intervals and the sample number 
of the FRP measurements are 100000. The FRP sample num-
ber 100000 are sufficient data which can be regarded as a 
population. The S/N ratio was calculated by Eq. (1) which di-
vides the average of the FRP by the FRP standard deviation. If 
the S/N ratio is larger for the same average FRP, it means that 
the FRP fluctuation is smaller and thus the fluctuation of the 
fuel injection rate can be expected to be smaller. 

 
FRP averageratio

FRP standard deviation
S
N

= . (1) 

 
The characteristics of the FRP S/N ratio in each experimental 

condition are related to the FRP and PCV opening/closing 
timing. Fig. 5(a) shows the results of the FRP S/N ratio accord-
ing to the cam shaft speed and PCV opening angle changes 
with a fixed PCV closing angle of BTDC 62°. When the cam 
shaft speed is in the range of 700-1000 rpm, there is no signifi-
cant change in the FRP (refer to Fig. 4(a)) according to the 
change in the PCV opening timing, but the change in the FRP 
S/N ratio is large. Analyzing only the condition with a fuel injec-
tion duration of 4°, when the PCV opening angle is O10, O70, 
O74, the S/N ratio shows nearly identical values, though there 
is a large change in the FRP S/N ratio at O78 and O89. In ad-
dition, the FRP S/N ratio at O78 and O89 shows smaller values 
than those at O10, O70, and O74. Therefore, control with O10, 
O70, and O74 is preferable when generating the same FRP. 
Analyzing only the conditions with a fuel injection duration of 6°, 
when the PCV opening angle is O70 or O74, the FRP S/N ratio 
has nearly the same value. In addition, the FRP S/N ratio at 
O10, O78, and O89 shows a larger change with the camshaft 
speed and is smaller than those at O70 and O74. The PCV 

closing ranges with fuel injection durations of 4° and 6° are 
BTDC 74°-78° and BTDC 74°-80°, respectively. At PCV open-
ing angles of O74 and O78, the S/N ratio was found to be rela-
tively high because there was no overlap between the fuel 
injection duration and the PCV closing duration. The PCV 
opening angle conditions under which the FRP S/N ratio 
changes with the fuel injection duration are larger are O10 and 
O89. At a fuel injection duration of 6°, as the fuel injection dura-
tion increases, the overlap between the fuel injection duration 
and the PCV closing duration increases. Thus, the FRP S/N 
ratio in the O10 and O89 conditions, in which the overlap is 
greater, decreased significantly compared to the outcomes in 
the O74 and O78 conditions. 

In the camshaft speed range of 400-700 rpm, the change in 
the FRP ratio with the PCV opening angle and injection dura-
tion conditions is larger than those in the range of 700-1000 
rpm. In addition, because the cam shaft speed is in the low-
speed range, the absolute time corresponding to the same 
cam angle also increases compared to the high-speed (700-
1000 rpm) range. For this reason, in the camshaft speed range 
of 400-700 rpm, the FRP and FRP S/N ratio changes with the 
camshaft speed are larger under identical PCV opening/closing 
angle conditions. The FRP S/N ratio increases with the FRP. 
Note that the FRP S/N ratio corresponding to the FRP value at 
600 rpm shows a smaller value compared to those at other 
camshaft speeds. That is, the FRP fluctuation at 600 rpm was 
greater than those at other camshaft speeds. During the ex-
periment, the fluctuation of the FRP at 600 rpm was directly 
observed through the extreme angle change of a Bourdon tube 
pressure gauge indicator needle. 

Fig. 5(b) shows the results of the FRP S/N ratio with changes 
in the camshaft speed and PCV opening angle under a fixed 
PCV closing angle of BTDC 64°. Overall, this condition shows 
characteristics very similar to those in Fig. 5(a). However, due 
to the low value of the FRP, the overall FRP S/N ratio showed 
smaller values compared to those in Fig. 5(a). 

Figs. 5(c) and (d) show the results of the FRP S/N ratio with 
the camshaft speed and PCV opening angles with fixed PCV 
closing angles of BTDC 66° and BTDC 68°, respectively. 
Unlike the results in Figs. 5(a) and (b), the FRP was not formed 
well at the PCV opening angle of O70; accordingly, the ex-
periment was not conducted. Overall, the characteristics of the 
FRP S/N ratio are similar to those shown in Figs. 5(a) and (b). 

Fig. 5(e) shows the results of the FRP S/N ratio with the 
camshaft speed and PCV opening angle at a fixed PCV closing 
angle of BTDC 70°. The FRP was again not well formed at the 
PCV opening angles of O74 and O70. The characteristics of 
the FRP S/N ratio with the PCV opening angle follow those of 
the FRP change. The FRP S/N ratio shows nearly identical 
values in the camshaft speed range of 700-1000 rpm. It can be 
seen that only under the condition of a PCV opening angle of 
O78 and injection duration of 4°, the FRP S/N ratio is larger 
than those under other conditions. This result arises because 
there is no overlap between the injection duration and the PCV 
closing duration under the O78 condition, and the fuel injection 
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duration is relatively short. 
In order to compare the S/N ratios, it is important to calculate 

the S/N ratios at the experimental conditions where the rail 
pressure is relatively similar. In addition, the FRP fluctuations 

were larger at 600 rpm. Fig. 4(f) shows the FRP change ac-
cording to the camshaft rotation speed change with the various 
PCV opening/closing conditions. At camshaft rotational speeds 
of 400, 500, and 600 rpm, the FRP is almost the same, or in-
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Fig. 5. FRP signal-to-noise ratio with the camshaft rotation speeds under various HPFP PCV valve opening conditions for fixed PCV closing cam angles of:
(a) BTDC 62°; (b) BTDC 64°; (c) BTDC 66°; (d) BTDC 68°; (e) BTDC 70°; (f) various closing/opening conditions. 
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creases slightly as it increases to 500, 600 rpm. Fig. 5(f) shows 
the S/N ratios corresponding to the same operating conditions 
shown in Fig. 4(f). Although the rail pressure at 600 rpm is 
higher than that at 500 and 400 rpm, the S/N ratio at 600 rpm is 
relatively smaller than that at 400 and 500 rpm. The smaller 
S/N ratio means that the FRP variation is larger.  

The experimental conditions used in this study are set by 
combining Tables 2 and 3. For example, with the experiment 
no. 1 in Table 1 and camshaft speed of 400 rpm in Table 3, the 
experimental condition is fixed as PCV closing/opening timing 
of 62 BTDC°/10 ATDC° and fuel injection duration of 1.67 ms. 
Under these experimental condition, the GDI injector will inject 
160 times during six seconds. The collected fuel mass during 
six seconds measured with a scale is divided by 160, which 
results in the injected fuel mass of single injection with the GDI 
injector. The six seconds measurement was repeated 20 times 
consecutively to statistically analyze the variation in the injected 

fuel mass. By combining the conditions of Tables 2 and 3, the 
injector injection rate was repeatedly measured in the manner 
described above. Total number of experimental conditions 
performed in this study are 88. The fuel injection rate meas-
urements with the developed experimental system can be ex-
panded for all engine operating conditions. The optimum con-
trol condition which show a small variation in the injector injec-
tion rate can be determined from the collected data under all 
the engine operating conditions. 

Fig. 6 shows the cumulated injected fuel mass (CIFM) from a 
GDI injector at one-second intervals for various combinations 
of PCV closing and opening angles at a camshaft speed of 400 
rpm. Under all PCV closing/opening angle combinations shown 
in Table 2, the CIFM increases linearly with time. In each con-
dition, the slope of the CIFM curve is the injection rate (g/s) of 
the GDI injector. The curve slope change under each experi-
mental condition is relatively uniform. This means that the FRP 
can be controlled evenly with the PCV closing/opening angle 
conditions. The fuel injection duration in ms corresponding to 
the injection duration 4° at the camshaft speed of 400 rpm is 
1.67 ms. Figs. 7-9 show the CIFMs at one-second intervals 
with various combinations of the PCV closing/opening angles 
at camshaft speeds of 600, 800, and 1000 rpm, respectively. 
The CIFM curves in Figs. 7-9 all show linear characteristics 
similar to those shown in Fig. 6. As the camshaft speed in-
creases, the slope of the CIFM curves does not increase 
evenly, and they eventually merge into five groups. 

Fig. 10 shows the average injected fuel mass during six sec-
onds for the PCV closing/opening conditions summarized in 
Table 2. The numbers of injections at each cam shaft speed 
during six seconds are summarized in Table 3. The injected 
fuel mass per stroke can be obtained by dividing the injected 
fuel mass during six seconds by the number of injections dur-
ing six seconds. Fig. 11 shows the injected fuel mass per 
stroke for all of the experimental conditions summarized in  

Table 2. PCV closing and opening angles for the measurement of the fuel 
injection rate of the GDI injector. 
 

Exp. no. PCV closing (C) and opening (O) angle (°) 

1 C62O10 

2 C62O70 

3 C62O74 

4 C62O78 

5 C62O89 

6 C64O10 

7 C64O70 

8 C64O74 

9 C64O78 

10 C64O89 

11 C66O10 

12 C66O70 

13 C66O74 

14 C66O78 

15 C66O89 

16 C68O10 

17 C68O74 

18 C68O78 

19 C68O89 

20 C70O10 

21 C70O78 

22 C70O89 

 
 

Table 3. Numbers of injections at each cam shaft speed during six sec-
onds. 
 

Cam shaft speed (rpm) 400 600 800 1000 

Injection duration (ms) 1.67 1.11 0.83 0.67 

Number of injection during  
6 seconds 

160 240 320 400 
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Fig. 6. Cumulated injected fuel mass (CIFM) from a GDI injector at one-
second intervals for various experimental conditions (camshaft speed: 
400 rpm). 
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Table 2. 
Fig. 12 shows the error % of the standard deviation from the 

average value for the injected fuel mass during six seconds. 
The measurements are repeated 20 times in each of the PCV 
closing/opening conditions listed in Table 2. The error % shows 
a distribution of 3-15 %. In the PCV closing angle condition 
C70, that is, in the case where the closing angle is later, the 
deviation value is 3 %. These results are related to the lower 
FRP. With regard to the relationship between the S/N ratio and 
FRP variation, it was shown that the smaller S/N ratio, the lar-
ger FRP variation. The injection rate error % shown in Fig. 12 
was generally larger at 600 rpm. Previously, the S/N ratio at 
600 rpm appeared to be smaller for a similar FRP. The larger 
error % of the fuel injection rate is, the smaller S/N ratio is. 
Thus, if the opening/closing timing of the pressure control valve 
showing a larger value of the S/N ratio is selected and con-
trolled, the variation of the fuel injection rate can be reduced. 

Fig. 13 shows the relationship between the FRP and injection 
rate calculated from the slopes of the CIFM curves shown in 
Figs. 6-9. Each curve was fitted at 400 rpm, 600 rpm, 800 rpm, 
and 1000 rpm. The relationship between the FRP and injection 
rate can be expressed as a second-order polynomial, and the 
correlation coefficient for each curve is 0.99 or higher. Table 4 
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Fig. 7. Cumulated injected fuel mass (CIFM) from a GDI injector at one-
second intervals for various experimental conditions (camshaft speed: 
600 rpm). 
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Fig. 8. Cumulated injected fuel mass (CIFM) from a GDI injector at one-
second intervals for various experimental conditions (camshaft speed: 
800 rpm). 
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Fig. 9. Cumulated injected fuel mass (CIFM) from a GDI injector at one-
second intervals for various experimental conditions (camshaft speed: 
1000 rpm). 
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Fig. 10. Average injected fuel mass during six seconds for various PCV 
closing/opening conditions. 
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Fig. 11. Average injected fuel mass per stroke for various PCV clos-
ing/opening conditions. 
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Fig. 12. Error % of the standard deviation from the average value for the 
injected fuel mass during six seconds. 
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summarizes the curve fitting equation between the FRP and 
injection rate at each camshaft speed. Using the GDI fuel injec-
tion system developed in this study, the relationship between 
the injection rate and FRP can be successfully obtained. 

 

4. Conclusions 

A system that can accumulate and measure the fuel injected 
mass from a GDI injector was developed. The fuel injection 
rate and FRP pulsation were measured under various experi-
mental conditions with various camshaft speeds of the GDI 
experimental rig, HPFP PCV opening/closing timings, and fuel 
injection durations and the following results were obtained. 

1) The FRP S/N ratio showed a larger value as the FRP in-
creased. Under the same FRP values, the earlier the HPFP 
PCV closing angle, the shorter the fuel injection duration and 
the faster the cam shaft speed make the higher the FRP S/N 
ratio. Moreover, the FRP S/N ratio shows a higher value when 
avoiding the overlap between the fuel injection duration and the 
PCV closing duration. 

2) The smaller S/N ratio shows the larger FRP variation un-
der the same FRP condition. Also, it was identified that the S/N 
ratio is related to the variation of the fuel injection rate. 

3) The FRP S/N ratio was particularly low at a specific cam-
shaft speed and under a PCV closing/opening condition, and it 
is desirable to avoid this situation when designing a GDI fuel 
injection system control scheme. 

4) Under the PCV closing/opening conditions, the injection 
rate could be obtained from the slope of the CIFM curve over 
time. The curve fitting of the relationship between the injection 
rate and the FRP obtained under each experimental condition 
could be expressed as a second-order polynomial, and the 
correlation coefficient for each curve was 0.99 or higher. It was 
shown that a map of the FRP and injector injection rate can be 
obtained through such an experimental process. 
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