
INJECTION VALVE AND DRIVE CIRCUIT WITH VOLTAGE BOOST 

Introduction: 

This example shows how Saber can be used to make cross-discipline trade-offs for a fuel injector with 

electronic power boost converter. This type of design might be used in a high pressure direct injection 

fuel system (diesel or gasoline).  

 

Figure 1:Fuel  Injector Design 

A simulated “test stand” for the fuel injection valve and drive circuit is shown here. The state-average 

boost converter is modeled with the 100V output supplying the simplified current control drive 

electronics. The current control logic module detects the current through the injector. At initial turn-on, 

the switch applying the boost voltage is closed, and the current in the injector will rise rapidly. When the 

current reaches 10 Amps, that switch is opened and the controller continues to modulate the battery 

voltage switch, to maintain 10 Amp. At turn off, all the switches are opened, including the low side switch. 

This forces the inductive current to flow through a clamping 50V Zener diode, which causes the residual 

current to drop off sharply.  

In the lower right of the schematic, an ideal pressure source, a snubber and fuel line have been added to 

the injector inlet, to represent the fuel rail and feed lines. A simple orifice and calibrated tube have been 

connected to the outlet, to represent the injector nozzle and to measure the fuel quantity injected during 

each fire cycle. 

 

 



Fuel Injector Model: 

                       

Figure 2:Injector schematic 

An illustrative drawing/symbol of the fuel injector valve is shown on the left. It shows the fundamental 

features of this electro-hydraulic device. There is a CI core for the electro-magnet, with the electrical 

connections for the winding coming out of the top. There is a pre-load spring to hold the spool at its 

bottom stop when the coil is not energized. In this position, the spool blocks flow from the high-pressure 

fuel rail (upper left hydraulic port), and allows the outlet port (right side) to be open to the regulated drain 

port (lower left). When the magnet is energized, the spool lifts and fuel can flow from the rail out to the 

injector nozzle (not shown). If the outlet cavitates at turn-off, the refill accumulator in the drain will re-fill 

the volume. 

The injector assembly model is shown on the right. It includes a non-linear magnet model that can be 

characterized from physical layout information. This mathematical model of the magnet is then 

“assembled” into the solenoid valve model by the designer, by graphically connecting the magnet symbol 

to the other mechanical elements (i.e. springs, masses, travel limits, etc.) and the hydraulic elements 

(valves and accumulator). Later, the external elements such as hydraulic lines and drive electronics will 

also be graphically connected. These elements are from the Saber supplied model libraries. 

Injector Magnet model: 

The magnet model itself is an assembly of fundamental magnet “effects” or building blocks. These include 

a winding, linear and non-linear core elements, and air-gap models that represent the conversion of 

magnetic to mechanical energy. A transient loss element (to model eddy current heating loss) is also 

included in the model. 

Most of these elements can be parameterized based directly on the physical characteristics of the design. 

Dimensions of the core and air-gaps, number of turns in the winding, etc. are all specified directly on the 

“schematic”. Only the parasitic elements, such as the flux leakage paths, must be adjusted to fit the 

available static test data. 

 

 

 



Switching Boost Circuit  State-Average Equivalent Boost Model: 

A switching boost converter using a 100kHz switching frequency, duty cycle modulated to regulate the 

desired output voltage can be designed. Because of the high switching frequency, the time required to 

simulate just this portion of the design can be quite large. 

An alternative to simulating the complex switching transients every cycle is known as a “state-average” 

power converter model. The version shown here includes the input inductor, output capacitor and 

compensation network, but replaces the switch and modulator with its mathematical “average” 

equivalent. 

The boost circuit shown here converts the 12V battery input level to 100V. This high voltage is applied to 

the solenoid only during initial turn-on. The intent is to drive the magnet current to the operating level 

more quickly, increasing the valve opening speed. After reaching that level, the boost circuit is de-coupled 

by a switch, and the normal battery voltage is used to maintain current until end-of-fire. 

Testing Boost Model: 

Transient analysis is rum with tend=50m and tstep=1u using “t_boostavg.ai_dsn” as shown below. 

 

Figure 3: Boost converter test schematic 

 

Figure 4: Experiment for testing boost average model 



 

Figure 5:Boost converter test result 

Testing iv_magnet model (Magnet pull-curve test): 

A DC sweep analysis is run inside a Parameter sweep loop using “t_iv_magnet.ai_dsn” as shown below. 

 

Figure 6: iv_magnet test schematic 

 

Figure 7: Experiment to run pull test 



 

Figure 8: iv_magnet test result 

The static pull-curve for the model is shown here (force vs. gap at currents from 1 to 10 Amps.). Note that 

at low currents (1 or 2 Amp.), the force curve has the characteristic shape of an ideal solenoid (i.e. force 

proportional to i^2/gap). At high current levels the magnet saturates and the force his severely limited, 

particularly at small gap values. 

The effect of this saturation will become significant when we consider its interaction with the power and 

drive electronics. 

Nominal Analysis results : 

Transient analysis is run with tend=10ms, tstep=1n using “ex_inject_v2.ai_dsn”. 

 

 



 

 

Drive Logic and Valve Response: 

 

Figure 9: Drive logic and valve response 

A typical response profile of the valve is shown. The top signal is the digital fire logic, which turns on at 1 

millisecond and turns off at 3 milliseconds. The corresponding pressures observed at the valve inlet and 

outlet ports are shown in the lower plot. Note the pressure resonance due to the fuel line dynamics.  

Also, note the sub-millisecond response time of the injector, for both opening and closing events. Some 

design parameters will affect both the opening and closing delay. If the effect is symmetric, then the 

overall impact on injected fuel quantity will be small. Other parameters affect only one edge, and these 

can have a stronger impact on net fuel quantity injected. For example, the boost voltage is only active 

during the turn-on phase, so it can only affect the valve opening delay. We will investigate its effect on 

fueling volume using parametric analysis. 
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Design trade-off (Fuel volume vs. boost capacitor): 

Transient analysis is run with tend=4m, tstep=1n inside a parameter sweep loop with boost capacitor 

varied from 2u to 22u using “ex_inject_v2.ai_dsn” 

 

Figure 10: Experiment to run vary analysis with boost capacitor value 

 

Figure 11: Boost voltage drop when valve fires with boost capacitor value, Fuel volume vs boost capacitor 

A standard design criteria for a boost circuit is the regulated voltage variation under load transient 

conditions. More specifically for this application, there would be a specification given to the power 

converter designers, stating the maximum allowed voltage drop during solenoid turn-on, perhaps no more 

No improvement beyond 10uF 

Flow volume during fire event 



than 10% of the 100v nominal output level (i.e. the output voltage must remain above 90V under expected 

loading conditions).  

This voltage drop is a strongly influenced by the size of the boost circuit capacitor, so this element would 

be sized to meet this specification. The plot shows the voltage drop immediately following injector turn-

on, for a range of capacitor values from 2uF to 20uF. Note that for the smallest capacitor values, the boost 

voltage falls all the way to the 12v battery level, where it is supported by current directly from the battery. 

Even for the largest capacitor tested (20uF) the voltage sags to nearly 60V, well below the required 

minimum voltage level. The may be concluded that a still larger capacitor is needed to meet the 

specification, perhaps as large as 100uF. But with Saber’s mixed-technology capability, we can assess the 

performance of the entire injection system, to reach a more practical conclusion. 

The middle plot shows the total flow volume delivered through the injector during a 2ms injection, for the 

same set of boost capacitors. Fuel_volume is measured at 4ms to generate the upper plot. 

The upper plot is a parametric view of the same data, showing the final injected volume as a function of 

capacitor value. From this view, it is apparent that for capacitor values greater than 10uF, there is no 

significant change in net fueling volume. Since the volume of fuel delivered in a given fire window is the 

main objective, there may be no reason to absorb the addition cost, size and weight of a larger capacitor 

for this design.   

Summary: 

In this example, it is observed that the above performance is a result of the non-linear magnet force 

characteristic, interacting with the boost converter dynamics. If not observed in combination, perhaps 

this design trade-off would have been overlooked. Multi-discipline simulation technology can help 

uncover these kinds of cost reducing opportunities. 

 

 

 


