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Abstract: A new terminal guidance law is proposed based on a solid propellant pulse engine and an improved proportional 
navigation method to address the terminal guidance issue for kinetic interceptors. On this basis, the start-stop curve of 
the pulse motor during the terminal guidance process is designed, along with its start-up logic. The effectiveness of the 
proposed guidance strategy is verified through simulation.
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1. Introduction
As a high-speed spacecraft operating outside the atmosphere, kinetic interceptors utilize the enormous kinetic 
energy generated by high-speed flight to destroy incoming targets through direct collision. Compared to traditional 
atmospheric-guided weapons, kinetic interceptors employ direct force to control the projectile’s attitude, achieving 
precise interception. Thus, the design of guidance laws is crucial for the precise interception capabilities of 
kinetic weapons [1]. Current terminal guidance methods mainly address accuracy issues by adding proportional 
navigation enhancements or adjusting proportional navigation coefficients [2–5]. Previous studies present line-of-
sight angular velocity measurements in the design process of terminal guidance laws [6,7]. Research on guidance 
laws based on proportional navigation mainly focuses on stationary and slow-moving targets [8–10]. For intercepting 
high-speed targets, the high speed greatly limits the range of line-of-sight angle changes, making it difficult to 
achieve collision angle constraints for high-speed moving targets. Regarding this problem, previous literature 
proposed a along/against track guidance law with collision angle constraints, but this solution can only target non-
maneuvering targets [11]. On this basis, another study further extended this scheme to high-speed maneuvering 
targets [12]. 

In practical applications, the fuel carried by kinetic interceptors is limited, and we hope to complete 
interception missions with minimum fuel consumption. Fuel consumption is related to the frequency of engine 
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on/off cycles and the total engine running time, necessitating the selection of an optimal set of engine switching 
thresholds to minimize energy consumption while successfully hitting the target. Previous researchers have 
conducted studies on the issue of energy optimization in spacecraft using genetic algorithms or support vector 
machines [13–15]. For the optimal energy issue of kinetic interceptors, most approaches involve modifying guidance 
laws to reduce engine switching frequencies, thereby minimizing fuel consumption. Additionally, a study utilized 
pulse width modulation to reduce engine switching frequency, but simulation results show that the frequency 
remains high for maneuvering targets [16]. Another study employed a back propagation (BP) neural network 
algorithm to reduce fuel consumption, but it does not analyze optimization effects for maneuvering targets, and the 
algorithm implementation is complex [17]. 

2. Dynamics model
2.1. Interceptor dynamics model
During flight, the dynamics equations for the kinetic interceptor under a ballistic coordinate system can be 
expressed as:
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In the equation, vm, θm, and ψv represent the interceptor’s flight speed, trajectory inclination angle, and trajec-
tory deviation angle. nx, ny, and nz represent the tangential, normal, and binormal overload; g represents gravita-
tional acceleration.

2.2. Relative motion equation
During the guidance process, the relative motion relationship between the interceptor and the target is illustrated in 
the figure below, where M represents the interceptor and TTT represents the target.

Figure 1. Relative motion relationship between the interceptor and the target
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If the interceptor is oriented towards the target along the line of sight, the relative position vector between the 
interceptor and the target can be expressed as:

t m r rr =r -r = e (1.2)

Where rm is the position vector of the kinetic interceptor, rt is the position vector of the target, er is the unit 
vector in the direction of the line of sight, r is the length of the line of sight.

The line-of-sight rotating coordinate system is defined by the unit vector er, in the line-of-sight direction, the 
unit vector eω of the instantaneous angular velocity of the line of sight, and a unit vector eθ orthogonal to both
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Where ù represents the instantaneous angular velocity of the line of sight, ω represents the instantaneous an-
gular velocity rate of the line of sight. According to the vector differentiation rules, it can be obtained that:

r = ωer=ωeωer= ωeθ 　　　　　　　　　　　(1.4)
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Differentiating Equation (1.2) yields:
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Differentiating Equation (1.6) yields:
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Combining Equations (1.4) and (1.5) results in:
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Let am and at represent the accelerations of the interceptor and the target, respectively. Their expressions in the 
line-of-sight rotating coordinate system are:

m mr r m m

t tr r t t

a a a
a a a

θ θ ω ω

θ θ ω ω

= + +

= + +

a e e e
 a e e e

(1.9)

Where amr and atr are the tangential accelerations of the kinetic interceptor and the target, amθ and atθ are the 
normal accelerations of the kinetic interceptor and the target, amω and atω are the binormal accelerations of the ki-
netic interceptor and the target. The relative acceleration between the kinetic interceptor and the target can be ex-
pressed as:
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Derive the equations of relative motion:
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3. Design and implementation of interceptor guidance law
The guidance scheme is based on the idea of suppressing the target’s line-of-sight angular velocity using propor-
tional navigation within the atmosphere. It utilizes the difference between the interceptor’s heading angle and the 
target’s line-of-sight angle as a control metric, maintaining this difference within a specific range to control the 
final error.

The interceptor uses a pulse engine for trajectory correction. Since the pulse engine can only be activated in 
discrete events and cannot be shut off once started, providing a constant impulse, it is necessary to discretize the 
guidance law, implementing the interceptor’s guidance scheme as a sequence of pulses.

The target’s position and velocity information required for guidance are measured by the launch platform and 
transmitted to the interceptor, while the interceptor’s position and velocity information are obtained through its 
onboard inertial navigation system.
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In the equation, an is the lateral acceleration required by the interceptor, K1 is the proportional navigation co-
efficient, ∆t is the control time interval, vm is the relative flight speed of the projectile to the target, q& is the rate 
of change of the line-of-sight angle, gc is the difference in gravitational acceleration experienced by the projectile 
and target, θ is the flight speed deviation angle, Ic is the impulse produced by the pulse engine, m is the mass of the 
interceptor, Tc is the total operating time of the pulse engine.

Over discrete intervals, velocity corrections provided by multiple pulse engines adjust the projectile’s relative 
speed to be parallel to the line connecting the projectile and the target. The principle of the modified proportional 
navigation method is shown in Figure 2.
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Figure 2. Diagram of the modified proportional navigation guidance principle

At the initial moment of terminal guidance, let the interceptor’s position vector be rl0 = (xl0,yl0) (0,0) initial 
velocity vl0, initial line-of-sight angle λ initial heading angle psi0, velocity component along the y-axis vl0y = vl0gcos 



99 Volume 8; Issue 5

psi0, and velocity component along the x-axis vl0x = vl0xgsin psi0. 
At the initial moment of terminal guidance, let the target’s position vector be rm0 = (xm0,ym0) (0,10000), veloc-

ity component along the y-axis vm0y = 0, velocity component along the x-axis vm0x = 0, and the magnitude of the 
target’s velocity vmo = vmoy

2 + vmox
2.

The initial relative position between the interceptor and the target, including the difference in distance along 
the x-axis and y-axis, is:

	 0 0 0m ly y y∆ = − 	 (1.13)
	 0 0 0m lx x x∆ = − 	 (1.14)
Initial relative position is:
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The position of the target at time t is:
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The position of the interceptor at time t is:
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The relative position between the target and interceptor at time t is:
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The distance between the target and interceptor at time t is:
	 2 2
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r 	 (1.21)

The relative velocity between the target and interceptor at time t is:
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The component of relative velocity along the normal to the line connecting the projectile and target is:
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The velocity of the interceptor is:
	 2 2

lx lyv v= +lv 	 (1.27)

The velocity direction angle of the interceptor is:

	 arctan( , )vl ly lxang v v= 	 (1.28)
The line-of-sight angle of the interceptor is the azimuthal angle of the target relative to the interceptor in the 

coordinate system, namely:
	 arctan( , )2 1R Rλ =

r r 	 (1.29)

The time derivative of the line-of-sight angle is the rate of change of the line-of-sight angle :
	

2
( )1 2 2 1R V R V

R

d
dt
λ −
=

r r r r
g g

r
	 (1.30)

4. Pulse engine startup curve design
4.1. Determination of maneuver moments
In the mission, the accuracy is closely related to the angle between the interceptor’s velocity direction and the tar-
get’s line of sight. However, each pulse engine of a space interceptor can only be used once. Therefore, when to 
activate the engine for correction must be designed based on mission requirements. To make the terminal guidance 
law of the interceptor more feasible in engineering, it is first necessary to determine the error limits for final ac-
curacy based on the mission’s navigation precision requirements. The maximum lateral correction impulse that a 
single pulse engine can provide is a fixed value within a small error range. Hence, a startup threshold must be set 
for the computer on the interceptor to determine when to execute the guidance algorithm. Then, based on the cal-
culation results, determine the required impulse, thus determining how many engines need to be started to achieve 
the velocity increment required by the guidance law. After starting the track control engines one by one, no further 
control is applied.

This guidance rate takes the angle between the interceptor’s velocity direction and the target’s line of sight as 
the engine’s startup threshold. If the threshold is set too high, it can cause the target to be outside the interceptor’s 
seeker detection range, losing the target. If the threshold is set too low, it can lead to frequent startup of the pulse 
engines, increasing the load on the interceptor’s computer. Moreover, frequent corrections can cause the velocity 
direction to oscillate back and forth on both sides of the target line, although it increases tracking accuracy, it re-
quires more engines and computer hardware resources, thus increasing mission costs.

Set the engine startup threshold to β = λ- psi = ±9° based on the conical detection range of the seeker head. 
The threshold can be reduced according to mission accuracy requirements and the number of pulse engines. Com-
bining the above guidance principles and calculation methods, the algorithm workflow of the computer on the in-
terceptor is shown in Figure 3.
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Figure 3. Terminal guidance decision process flowchart

5. Startup logic design

Startup Threshold 
of 9°

Interceptor

Target 0°

Startup Threshold 
of- 9°

Figure 4. Startup threshold diagram

The logic design for the pulse engine startup determination is as follows:
(1) If the seeker head detects β = λ- psi ≥ ±9°, then increase the computed value of ∆vn to be positive.
(2) If the seeker head detects β = λ- psi ≤ -9°, then decrease the computed value of ∆vn to be negative.
(3) If the seeker head detects 0°-β = λ- psi ≤ 9°, further calculate the component of the interceptor’s relative 

speed to the target along the normal to the line connecting the projectile and target. If vx ≥ 3m/s, then 
round up the calculated value of ∆vn.
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(4) If the seeker head detects 0°≤ β = λ- psi ≤ 9°, further calculate the component of the interceptor’s relative 
speed to the target along the normal to the line connecting the projectile and target. If vx ≤ -3m/s, then 
round down the calculated value of ∆vn.

(5) If the seeker head detects 0°≤ β = λ- psi ≤ 9°, further calculate the component of the interceptor’s relative 
speed to the target along the normal to the line connecting the projectile and target. If  -3m/s ≤ vx ≤ 3m/s, 
then set ∆vn to 0.

(6) If the seeker head detects -9°≤ β = λ- psi ≤ 0°, further calculate the component of the interceptor’s relative 
speed to the target along the normal to the line connecting the projectile and target. If vx ≥ 3m/s, then set 
the computed value of ∆vn to be negative and round it down.

(7) If the seeker head detects -9°≤ β = λ- psi ≤ 0°, further calculate the component of the interceptor’s relative 
speed to the target along the normal to the line connecting the projectile and target. If vx ≤ -3m/s, then 
round up the calculated value of ∆vn.

(8) If the seeker head detects -9°≤ β = λ- psi ≤ 0° further calculate the component of the interceptor’s relative 
speed to the target along the normal to the line connecting the projectile and target. If -3m/s ≤ vx ≤ 3m/s, 
then set ∆vn to 0.

(9) If the distance between the interceptor and the target is R≤10m, then stop the calculation.

6. Guidance law simulation
6.1. Guidance law simulation design
To verify the feasibility of the above-mentioned guidance law, mathematical simulations are conducted. The 
simulation parameters and errors are shown in Table 1.

Table 1. Guidance law feasibility simulation parameters

Simulation parameters Value

Total time (s) 80

Step size (s) 0.1

Guidance gain 3

Initial relative position (m) 15,000

Initial relative velocity (m/s) 200

Interceptor precession angle (deg) (0,1)

Interceptor nutation angle (deg) (0,1.2)

Interceptor X-coordinate error (m) (0,100)

Interceptor Y-coordinate error (m) (0,100)

Interceptor impulse error (0,5%)

Seeker angle measurement accuracy error (deg) (0,0.1)

Pulse engine impulse error (m/s) (0,0.1)

Single pulse engine velocity increment (m/s) 1

The single simulation lasted 74.8 s, with an error of 7.5678 m, as shown in Figure 5.
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Figure 5.  Tracking distance as a function of tracking time graph

From Figure 5, it can be seen that initially, the interceptor was 15,000 m (15 km) away from the target. After 
74.8 s of guided pursuit, the final distance between the interceptor and the target was 7.5678 m. The change in 
distance follows a linear function, indicating that the interceptor consistently approached the target at a constant 
speed, with virtually no change in the velocity direction of the interceptor relative to the line connecting to the target.

Figure 6. Number and timing distribution of pulse engine startups

From Figure 6, it is seen that the entire guidance process involved four startup corrections, using a total of 20 
pulse engines. At 0.1 s, 8 pulse engines were started, providing a lateral velocity increment of 8 m/s, indicating an 
initial coordinate error in the interceptor. At 24.9 s, 3 engines were started, providing a lateral velocity increment 
of 3 m/s. At 74.7 s, 6 engines were started, providing a lateral velocity increment of 6 m/s. The four startups were 
non-continuous with significant intervals, indicating that the startup thresholds were appropriately set.
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Figure 7. Interceptor coordinate change graph

From Figure 7, an initial error in the x-coordinate and an initial distance of 15,000 m in the y-direction to the 
target are observed. The distances in both the x and y directions decrease uniformly in segments, mainly closing in 
on the target in the y-direction. There is a turning point in the approach process where the rate of distance change 
in the x-direction increases significantly, indicating a major change in the interceptor’s velocity direction and 
corrective action by pulse engine startups.

Figure 8. Changes in interceptor velocity direction angle and projectile line of sight angle over tracking time

From Figure 8, it can be observed that the interceptor’s velocity direction angle remains constant at 1.8°, 
while the projectile line of sight angle exhibits an oscillating curve. The initial value measured by the seeker head 
was -0.5°, which gradually increases during the continuous flight until a sudden increase when closest to the 
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target, indicating that the guidance rate effectively suppresses the difference between the interceptor’s velocity 
direction angle and the projectile line of sight angle, allowing the interceptor to approach the target within a certain 
precision range.

Monte Carlo simulation is a numerical computation technique based on random sampling methods, which 
handles highly uncertain statistical problems by generating a large number of random samples that follow a 
specific distribution.

To determine the feasibility of the guidance law, 3,000 Monte Carlo simulations were conducted, with a 
minimum error of 0.0448 m, a maximum error of 433.8011 m, an average error of 11.2994 m, and a mean square 
error of 18.1177. The error distribution from these 3,000 simulations is shown in Figure 9.

Figure 9. Range of error distribution from 3,000 simulations

In the above figure, 99.98% of errors are less than 25 m, meeting the precision requirements designed for the 
guidance law.

Figure 10. Pulse engine correction frequency graph
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From Figure 10, the number of pulse engine startup corrections for velocity direction ranges from 0 to 5 
times. The frequency histogram of correction counts approximately follows a normal distribution, with an average 
of 2.7887 corrections per 3,000 simulations, and the probability of having no more than 4 corrections is 98.6%. 
The frequency of engine usage is shown in Figure 11.

Figure 11. Statistical chart of engine usage frequency

From the figure, in 3,000 Monte Carlo simulations, the maximum number of engines used is 25, and the 
minimum is 0, with velocity increments ranging from 0 m/s to 25 m/s, and an average of 11.6197 engines used. 
Among these simulations, using 11 engines occurred the most frequently, 635 times, accounting for 21.16%. The 
probability of using no more than 20 engines is 99%.

In summary, this guidance law significantly improves targeting accuracy by controlling the change in angle 
between the interceptor’s velocity direction and the line to the target. The relatively few engine corrections prevent 
overload due to frequent computations by the interceptor’s computer, suiting the needs of space missions.

7. Conclusion
This paper proposes a guidance law for kinetic interceptors. A relative motion model of the interceptor is 
established, incorporating a discretized guidance law based on an improved proportional navigation method, 
tailored to the characteristics of the pulse engine. The thrust characteristics of the pulse engine are considered, and 
the corresponding startup logic is defined. The feasibility of the guidance law is verified through simulation.
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